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ABSTRACT
EFFECTS OF NEARSHORE PROCESSES ON CARBONATE CHEMISTRY
DYNAMICS AND OCEAN ACIDIFICATION
By
Melissa Meléndez-Oyola
University of New Hampshire
Time series from open ocean fixed stations have robustly documented secular changes in
carbonate chemistry and long-term ocean acidification (OA) trends as a direct response to
increases in atmospheric carbon dioxide (CO2). However, few high-frequency coastal carbon time
series are available in reef systems, where most affected tropical marine organisms reside.
Seasonal variations in carbonate chemistry at Cheeca Rocks (CR), Florida, and La Parguera (LP),
Puerto Rico, are presented based on 8 and 10 years of continuous, high-quality measurements,
respectively. This dissertation synthesizes autonomous and bottle observations to model carbonate
chemistry and to understand how physical and biological processes affect seasonal carbonate
chemistry at both locations. The autonomous carbonate chemistry and oxygen observations are
used to examine a mass balance approach using a 1-D model to determine net rates of ecosystem
calcification and production (NEC and NEP) from communities close (<5km) to the buoys. The
results provide evidence to suggest that seasonal response between benthic metabolism and
seawater chemistry at LP is attenuated relative to that at CR because their differences in benthic
cover and how benthic metabolism modifies the water chemistry. Simple linear trends cannot
explain the feedback between metabolism and reef water chemistry using long-term observations
over natural variations. The effects of community production on partial pressure of CO2 (pCO2sw)
make these interactions complex at short- and long-term scales. Careful consideration should be

xvi

taken when inferring local biogeochemical processes, given that pCO2sw (and presumably pH)
respond on much shorter time and local scales than dissolved inorganic carbon (DIC) and total
alkalinity (TA). The observations highlight the need for more comprehensive observing systems
that can reliably measure both the fast-response (pCO2sw, pH) and slow-response (DIC) carbon
pools.
The metabolism rates are shown to be robustly modeled using a mass balance approach in
two coastal reef systems at two fixed assets that could be employed elsewhere to monitor OA and
its impacts within coral reef ecosystems. The data can be applicable to other sites with the similar
auxiliary data and can be used in combination with other approaches, such as the turbulent flux, to
estimate long-term metabolic rates in the field. Both sites were net heterotrophic and net
dissolutional from late summer to fall, with occasional periods of net calcification and net
autotrophy from winter to early summer. High respiration rates at CR and LP observed in the fall
generated a local source of DIC to the system, causing a decrease in carbonate saturation states.
During this time of the year, these processes may affect the reef’s susceptibility to other climate
pressures and decrease the ability of upstream communities (e.g., seagrasses at CR) to serve as OA
refugia. Surface waters at LP are likely to be affected by OA sooner and more strongly than surface
oceanic waters due to the significant annual changes respiration and calcification have in coastal
carbonate saturation states. Our results suggest that tropical Caribbean reef ecosystems are
exhibiting long periods of net dissolution of highly soluble carbonate minerals based on similarities
in environmental characteristics. Future research efforts should be directed to improve our
understanding of the drivers of both calcification and organic production, at long-term and
ecosystem scales.
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INTRODUCTION
Since the beginning of the Industrial Revolution, oceans have absorbed more than 30% of
all the carbon dioxide (CO2) released to the atmosphere from human activities such as fossil fuel
combustion, cement production, and deforestation (Le Quéré et al., 2017). The increase in
atmospheric CO2 concentration has caused a decrease in the average surface pH of 26% since the
Industrial Revolution (Pachauri et al., 2014). The chemical process in where the atmospheric CO2
(CO2air) reacts and dissolved with water (CO2sw) to produce carbonic acid (H2CO3) is represented
on equation 1. The carbonic acid rapidly dissociates and causes an increase in hydrogen ions (H+)
and bicarbonate (HCO3-), while simultaneously causing a decrease in carbonate (CO32-)
concentration (Zeebe and Wolf-Gladrow, 2001). Equations that involved the dissociation constants
(K0, K1, K2) and the total stochiometric concentration of the carbonic system species allows the
full derivation of the CO2 system (Sarmiento and Gruber, 2006; Dickson et al., 2007) as:

K0

K1

+

K2

+
2CO2air ↔ CO2sw +H2 O ↔ H
CO
'3
#$
$&3 ↔ H + HCO
#%&3 ↔ 2H + CO
2%
Carbonic Acid

Bicarbonate

(1)

Carbonate

This chemical process affects the degree to which seawater is saturated with respect to carbonate
(CaCO3) minerals:
Ca2+ +CO23 ↔CaCO3,solid

1

(2)

The solubility of CaCO3 minerals in seawater is described by Mucci (1983) and is defined
according to the stoichiometric solubility product constant (K*SP) as a function of temperature,
pressure, and solution composition. The degree of carbonate saturation with respect to the CaCO3
mineral phase of interest (e.g., calcite, aragonite, Mg-calcite) is indicated by the saturation state
(Ω) and defined as the ratio of concentration product to K*SP:

Ωx =

(Ca2+ ) (Mg2+ )*CO23+
K*sp

(3)

where, [ ] indicates total concentrations. Values of Ω > 1 are typical for tropical surface ocean
waters and indicate that precipitation of the mineral phase is favored; if Ω < 1 dissolution is
favored; and if Ω = 1 the mineral is in equilibrium with seawater and no net dissolution nor
precipitation is expected. Mg-calcite can contain variable amounts of magnesium ion (Mg2+)
ranging from 10 to >30% and is the most soluble carbonate phase, followed by aragonite (Morse
et al., 2007).
Motivation
Seawater Ω can be considered as an OA index that describes the tendency for a carbonate
mineral to precipitate or to dissolve. Although Caribbean surface waters remain supersaturated
(Ωarag >1), low Ωarag can make calcification more energetically demanding (Cohen et al., 2009;
Kleypas et al., 1999) and increase the sensitivity of structures composed of CaCO3 to dissolution
(Andersson et al., 2009; Eyre et al., 2018). Observational estimates in the Caribbean show critical
Ωarag conditions persist year-round below the preindustrial bounds (Sutton et al., 2016), potentially
already impacting tropical marine calcifying organisms and CaCO3 reef structures and sediments.
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The Caribbean regional empirical model (Gledhill et al. 2008) shows that the ocean surface Ωarag
has declined ~8% from 1992 – 2015 (Melendez & Salisbury, 2017, Appendix A). These findings
suggest calcification rates have declined by 15% since the preindustrial period given the reduction
in Ωarag that has occurred (Friedrich et al., 2012). Projections are based on linear correlations found
in laboratory experiments between net calcification and Ωarag (e.g., Langdon et al. 2000). However,
most coastal systems exhibit greater complexity than those reproducible in laboratories and
expressed in these global models. Under natural conditions, the correlation between net
calcification and Ωarag correlation may not be valid and such correlations may be site-specific
(Silverman et al., 2007). The spatiotemporal variability and the influence of biological and
physical processes within coral reef ecosystems are poorly characterized. Current and future trends
of OA are still unknown because of the difficulty associated with quantifying biogeochemical
processes in nearshore areas. Local processes can also change the nearshore carbonate chemistry
and increase the sensitivity of reef systems to OA, still, this is poorly understood. Detecting a longterm change in OA and identifying the main drivers in coral reef ecosystems, where spatial and
temporal heterogeneity are significant and only a few high-frequency time series are available
(Table 1), requires a rigorous study.
A few recent efforts established by the National Ocean Acidification Observing Network
(NOA-ON) advanced by NOAA’s Pacific Marine Environmental Laboratory (PMEL) are
dedicated to monitoring the carbon cycle in coastal ecosystems to advance OA research in
environmentally sensitive and economic valuable ecosystems such as coral reefs (Table 1).
Although these coastal fixed stations provide high-quality carbon measurements that allow distinct
from short-term, local or intermittent acidification, methods and parameterizations to de-couple
the anthropogenic from the physical and biological drivers are presently lacking.
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Table 1: The CO2 buoys locations, timeframe, and years of observations.
Buoys
Cheeca Rocks
Hog Reef
Crescent Reef
La Parguera
Heron Island
Kangaroo Island
Maria Island
Ala Wai
Kilo Nalu
Kaneohe
CRIMP2
CRIMP
Fagatele Bay
Chuuk Lagoon
* Studied sites.

Location
Atlantic
Florida Keys
Bermuda
Bermuda
Puerto Rico
Pacific
Great Barrier Reef, Australia
Great Australian Bight
Tasman Sea
Oahu, Hawaii
Oahu, Hawaii
Kaneohe Bay, Oahu, Hawaii
Oahu, Hawaii
Oahu, Hawaii
American Samoa
Federated States of Micronesia

Timeframe

Years of observations1

2011 - present
2010 - present
2010 - present
2009 - present

9*
10
10
11*

2009 - 2013
2012 - 2012
2011 - 2011
2008 - present
2008 - present
2011 - present
2008 - present
2005- 2008
2019 - present
2011 - present

4
<1
<1
12
12
9
12
3
<1
9

Objectives
This dissertation aims to characterize the carbonate chemistry dynamics at two reef areas
in the Atlantic, Florida and Puerto Rico, to identify seasonal biological and physical mechanisms
that result in changes to the carbonate system using qualitative and quantitive approaches. The
high-frequency and long-term chemical observations support site-specific first-order
parametrizations for the carbonate system. An existing mass balance approach for CO2 is refined,
expanded, and implemented to quantify robust ecosystem metabolic rates (photosynthesis,
respiration, calcification, and dissolution) using a 1-D model. The characterization of sources and
sinks of inorganic and organic carbon provides evidence to identify what processes and feedback
might prove dominant in how the seawater CO2 changes Ωarag in nearshore areas.
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Dissertation Outline
The dissertation is in the form of three journal manuscripts. Each chapter begins with an
introduction, followed by methods, results, discussion, and conclusions. The organization, citation
style, language, and tense used within each chapter is consistent with that of the journal that it was
or will be submitted. The concluding chapter presents the final remarks and future work. The
references used in this dissertation are presented at the end of the dissertation.
•

Chapters 1 (accepted, Journal of Geophysical Research (JGR): Oceans) of this dissertation
focus on the development of site-specific first order determinations of total alkalinity to
model the carbonate chemistry, characterization of the carbonate chemistry seasonal
variability and error determinations of modeled carbonate parameters utilizing the discrete
measurements and Monte Carlo simulations. Surface ocean current observations to
determine the spatiotemporal scales of the measurements are analyzed. Chapter 1 provides
model parameterizations using the discrete data that can be used to detect seasonal
fluctuations of parameters sensitive to OA and track biological variability with high
confidence. This chapter provides carbonate products that will available upon publication
in the NOAA's National Centers for Environmental Information (NCEI).

•

Chapter 2 describes the relative contribution of biological and physical processes to the
carbonate chemistry seasonal variability at both stations. In this chapter, we use the
apparent oxygen utilization (AOU) and the temperature normalized seawater pCO2
(npCO2sw) as two indices of biological activity. Chapter 2 evaluates the trophic state of the
ecosystems based on autotrophic and heterotrophic states using the apparent oxygen
utilization. This chapter includes a brief explanation about the interactive effects between
the inorganic and organic carbon cycles and the assumed effects of benthic metabolism on
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the water chemistry using the AOU and the npCO2sw biological indices. This chapter
provides baseline data to better understand the seasonal air-sea- CO2 fluxes and carbonate
variability in coastal ecosystems. Chapters 1 and 2 (accepted, JGR:Oceans) provide the
foundations and justifications for the study of the subsequent chapters of this dissertation.
•

Chapter 3 (in prep for submission to Limnology and Oceanography) describes a 1-D mass
balance approach using the autonomous pCO2sw and oxygen observations as proxies for
net ecosystem calcification and productivity. Chapter 3 provides rates of calcification,
dissolution, photosynthesis and respiration, validation of the results using other techniques,
a characterization of the model errors, sensitivity analyses to identify the uncertainties
associated with these estimates, and an overview of how our results compare with other
reef areas in the Caribbean.

•

Chapter 4 (in prep) goes into greater detail about the effects of NEP in net calcification.
The net ecosystem metabolism rates from Chapter 3, demonstrates that biogeochemical
processes can complicate efforts to identify geochemical thresholds for NEC and increase
the system’s sensitivity (based on Ω) to OA.

•

Chapter 5 includes conclusions and future work.
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Data sets
Data supporting this dissertation are available in these in-text data citation references: Corredor
(1994); Hendee (2014); Manzello et al., (2015; 2017; 2018a); Meléndez et al., (2019); Sutton et
al., (2014b, 2016). Wind data for the station IMGP4-Isla Magueyes, Lajas, Puerto Rico can be
found at https://www.ndbc.noaa.gov/station_page.php?station=IMGP4 and for the Station
MLRF1-Molasses Reef, Florida at
https://www.ndbc.noaa.gov/station_page.php?station=MLRF1. The data from the Rocks station is
part of the Southeast Environmental Research Center Florida International University (SERC-FIU)
Water Quality Monitoring Network. USA EPA Agreement #X7 00D02412-1 and NOAA
Agreement #NA09NOS4260253 and can be found at http://serc.fiu.edu/wqmnetwork/FKNMSCD/DataDL.htm.

7

CHAPTER 1
SEASONAL VARIATIONS OF CARBONATE CHEMISTRY AT TWO WESTERN
ATLANTIC CORAL REEFS
1.1 Introduction
Changes in ocean chemistry as a direct response to rising atmospheric carbon dioxide
(CO2atm) concentrations are causing acidification of the surface and near-surface ocean (Caldeira
& Wickett, 2003; Feely et al., 2004). As CO2atm is absorbed by the ocean, it reacts with water
(CO2aq) to form carbonic acid, which rapidly dissociates to produce hydrogen ions [H+] (thereby
lowering pH and hence the term “acidification”). This chemical process affects the degree to which
seawater is saturated with respect to calcium carbonate (CaCO3) mineral phases, as indicated by
the saturation state (ΩCaCO3). Thermodynamic changes in these carbonate species ([H+], ΩCaCO3)
are expected to slow the formation (and/or make it more energetically demanding) of skeletal and
shell structures comprising calcium carbonate minerals (Kleypas et al., 1999; Langdon et al. 2000;
Langdon & Atkinson, 2005; Cohen et al., 2009).
While the dynamics and trends in carbonate chemistry are reasonably well understood for
open ocean waters, how anthropogenic ocean acidification (OA) unfolds within coastal zones is
less understood. Many coastal regions already experience low surface seawater pH and ΩCaCO3
conditions (“localized or coastal OA”) due to processes other than CO2 uptake (Cyronak et al.,
2014; Duarte et al., 2013). Observations from 20 years of carbonate data collected at a coastal
station in Bermuda show that dissolved inorganic carbon (DIC) and the aragonite saturation state
(Ωarag) have changed at a rate of 2 to 3 times faster than the offshore Bermuda Atlantic Time series
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Study (BATS) station (Bates, 2017). Time series observations at fixed sites (Bates et al., 2012;
Gruber et al., 2002; Sutton et al., 2014, 2017) have been critical for documenting these small
variations and the long-term chemical changes in the surface of the open ocean. However, only a
few records of at least two of the four parameters needed to resolve the carbonate system are
presently available due to the significant effort and expense involved in maintaining such time
series (Bates et al., 2012; Sutton et al., 2019). Another major challenge for monitoring coastal
acidification is that the time series requires robust data at a high frequency (subdaily) to constrain
the carbonate chemistry and calibration routines, which include regular discrete measurements to
assess and validate the carbonate numerical models. The coastal OA trend may take years to
decades to emerge through the natural variability in some systems (Sutton et al., 2019; Turk et al.,
2019) due to the higher frequency and higher magnitude of biological and physical processes.
The Wider Caribbean Region (WCR, 8–28°N, 58–89°W) has experienced accelerating
changes in water chemistry (Andersson et al., 2019; Gledhill et al., 2008) and sea surface
temperature (Chollett et al., 2012) that could subject reef ecosystems to suboptimal conditions by
the end of this century (Hoegh-Guldberg et al., 2007). Modeling results show that over the past 20
years (from 1992 to 2015), rates of OA (based on the % change in [H+]) have increased by 10%,
and surface ocean Ωarag has decreased by 8% in the Caribbean Sea and subtropical North Atlantic
Ocean (Meléndez & Salisbury, 2017). To advance OA research in the WCR, the National Ocean
Acidification Observing Network (NOA-ON) and the NOAA Pacific Marine Environmental
Laboratory (PMEL, www.pmel.noaa.gov/co2) established a few efforts dedicated to monitoring
the carbon cycle in environmentally sensitive and economically valuable reef systems. These
sustained observations of carbonate data were used to determine site-specific algorithms for TA
and pCO2sw and to assess robust OA dynamics and trends over subdecadal time scales.
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The Cheeca Rocks (CR) reef in the Florida Keys National Marine Sanctuary and the
Enrique Cay in the Marine Reserve of La Parguera (LP), Puerto Rico, have provided 8 and 10
years, respectively, of air and seawater pCO2 and pH, along with sea surface temperature (SST)
and salinity (SSS), and oxygen (O2). These robust measurements are taken continuously at high
resolution and validated with climate quality (Newton et al., 2015) discrete measurements. In this
study, we characterize the seasonal variations and different seasonal amplitudes at the two different
latitudes.
1.2 Materials and methods
1.2.1 Study sites
The La Parguera Marine Reserve is in a well-developed insular shelf that extends 10-11
km from the coast and consists of different habitat types dominated by seagrasses, macroalgal
beds, unconsolidated carbonate sediments, and mangroves (Fig. 1.1). The area is minimally
affected by coastal development. The local environmental and anthropogenic stressors include
bleaching, coral reef infectious diseases, and fishing (García-Sais et al., 2008). The absence of
local rivers combined with very low regional rainfall and coastal runoff corresponds to minimal
local freshwater inputs (Pittman et al., 2010). However, there is a seasonal freshwater influx
associated with the regional river plumes of the Amazon and Orinoco Rivers (Corredor & Morell,
2001). The buoy is located 2.5 km from the southwest coast of Puerto Rico (17.95° N, 67.05° W)
on the forereef of the Enrique middle-shelf reef at 3 m depth (Fig. 1.1). McGillis et al. (2011) noted
an approximately 10% live coral coverage area during belt transect surveys at the site in March
2009. These data agree with the 10-11% live coral coverage data collected in August 2015 and
June 2017 (Manzello et al., 2017, 2018b). A survey conducted in 2011 by Moyer et al. (2012)

10

showed no seasonal variation in the benthic cover of the noncalcifying algae (cyanobacteria,
macroalgae, and turf algae). However, Pittman et al. (2010) reported a peak of turf algae and
macroalgal cover in summer. Moyer et al. (2012) found no significant seasonal changes in benthic
calcifiers when the octocorals (soft coral) were excluded.
The upper Florida Keys (Fig. 1.1) consist of a bank-barrier coral reef system, where a
noncontinuous offshore barrier reef is situated parallel to the islands of the Florida Keys at
approximately 7-10 km from land (Ginsburg & Shinn 1964). Between the barrier reef and the
islands lies the Hawk Channel. This area consists primarily of shallow (<8 m) seagrass and sand,
with occasional, isolated patch reefs intermixed (Jones, 1977). The CR is an isolated, nearshore
patch reef, approximately 2.5 km off the coast of Islamorada. The buoy (24.90° N, 80.62° W) is
in 3-4 m of water. The CR is affected by shoreline development, which can impair water quality
due to stormwater runoff and sewage effluent (Somerfield et al., 2008). The warm waters of the
Florida Current and episodes of cold-water outflow from Florida Bay produce larger water
temperature ranges in the inshore reefs of the upper Keys (Banks et al., 2007; Manzello et al.,
2012). Hurricanes and tropical storms, thermal stress, and disease outbreaks can affect benthic
communities during the summer and fall at both reefs (Precht & Miller, 2007). The percent coral
cover in the Caribbean, including CR and LP, has declined over the past three decades due to coral
bleaching and disease as well as hurricanes, corallivorous mollusks, poor water quality, and
overfishing (Ballantine et al., 2008; Gardner et al., 2003; Hughes, 1994; Morelock et al., 2001).
The die-off of the long-spined sea urchin Diadema antillarum limited coral recovery and prevented
recruitment to bare substrates due to the increased algae cover (Ballantine et al., 2008; Jaap et al.,
2008).
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Figure 1.1: a) Map of the Florida Keys and Florida Reef Track. The Cheeca Rocks (CR) MapCO2
buoy (24.90° N, 80.62° W), the Rocks (24.94° N, -80.55° W), and the Molasses Reef Light (25.01°
N 80.38° W) stations are in the Upper Keys and marked with black circles. b) Map showing the
town of La Parguera, Lajas (18.05° N, 67.05° W), which is located southwest of the coast of Puerto
Rico. The La Parguera (LP) MapCO2 buoy (17.95° N, 67.05° W) and the ICON station (17.94° N,
67.05° W) are marked with black circles. The CARICOOS meteorological station (17.97° N, 67.04° W) is on Magueyes Island. The Caribbean Time Series station (CaTS, 17.36 °N, 67° W) is
52 km south (seaward) of the shelf edge (dashed black line).

1.2.2 Autonomous observations
The capability of LP- and CR-moored autonomous pCO2 (MapCO2) buoys provides
continuous 3-hour measurements of both CO2air and CO2sw mole fractions (xCO2air and xCO2sw).
These are converted to pCO2 with total uncertainties of <1 µatm and <2 µatm, respectively (Sutton
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et al., 2014a). The buoys are equipped with a seawater-gas equilibrator, reference gas standard, an
infrared gas analyzer, Seabird (SBE16 or SBE37) conductivity and temperature recorders, and a
SunburstTM SAMI-pH system located at approximately 1 m depth. Details of the MapCO2
instrument calibration and data quality assurance and quality control (QA/QC) processes are
described in Sutton et al. (2014a, 2016). Measurements used for the analyses cover from January
2009 and December 2011 to September 2017 for LP and CR, respectively (Sutton et al., 2014b,
2016).
The MapCO2 buoys also include an AanderraaTM oxygen optode (Aanderaa 4775, accuracy
of ±5%) and an ECO FLNTU (WETLabs, Inc.), which are used to determine chlorophyll
fluorescence and turbidity. These sensors can be used to track biological variability and abundance
in the water column. In addition, the buoys have an internal MaxtecTM oxygen sensor (MAX-250+)
located inside the CO2 electronics tube (downstream from the infrared gas analyzer sensor) to
measure the percent of oxygen in the air and water (% O2, ± 3%). The seawater surface oxygen
concentration (μmol kg-1) can be calculated from the (MAX-250+) using the oxygen solubility
(Garcia & Gordon, 1992) as a function of in situ seawater temperature and salinity.
1.2.3 Oxygen optode QA/QC process and MAX-250+ post-correction
These sensors are installed in all the MapCO2 systems as a diagnostic tool for the xCO2
measurements. The MAX-250+ sensor provides a correlated relationship with the optode seawater
oxygen measurements, but inaccurate estimate of the absolute seawater oxygen concentration. This
inaccuracy could arise from contamination with atmospheric O2 concentrations and slow O2
equilibration response times (Sutton et al., 2014a). Despite these inaccuracies, they have been
shown to offer utility for studying ocean biological variability (e.g., Massaro et al., 2012; Xue et
al., 2016). Still, there have not been systematic MAX-250+ post-corrections or comparisons with
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O2 optodes or with discrete O2 measurements. To achieve more coherent and consistent results
from the MAX-250+ sensors, we removed high frequencies components using 24-hour averages
and post-calibrated the MAX-250+ with the optode deployments. These measurements (Fig.1.2)
were validated with a calibrated optical O2 sonde (YSI Inc.) and Winkler O2 discrete analyses
(Winkler, 1888). Four optode deployments from 2011 to January 2017 and twenty-one discrete
Winkler O2 measurements, collected and analyzed at the Caribbean Coastal Ocean Observing
System (CARICOOS) lab between 2015 and 2016 were used for LP. The optode validation in CR
were obtained using a YSI oxygen sonde that was calibrated in the field using Winkler O2
measurements analyzed at Langdon’s Lab. The YSI was deployed between 2013-2015.
The O2 optode measurements were converted from voltage to concentration, salinity
compensated, and an internal QA/QC process was applied to detect measurements outside of three
deviation standards of the time series mean. The first O2 measurements were also removed
(considered as the flush to purge residual water and bubbles in the flow lines), and the last two
values of each cycle averaged. Seasonal variations of the O2 optode sensor show inaccuracies for
extended deployments of over eight months because of biofouling and subsequent sensor drift
when compared with the MAX-250+ sensor and Winkler data. The MAX-250+ sensors are more
stable than the optodes over long-term deployments (> 8 months) as they are housed in the buoy
and not exposed to seawater. Therefore, to post-calibrate the MAX-250+ with the O2 optodes, we
proceeded under the assumption that the O2 optode measurements are accurate within
specifications for a time period between calibration and prior to any biofouling. Linear regression
of the MAX-250+ and optode sensor measurements was determined using the daily averages of
the first 240 days after the first deployments because apparent drift by the optode sensor was noted
after this time. Due to the slow O2 equilibration response times, this kind of post-correction is
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recommended rather than using the MAX-250+ O2 observations alone to calculate the dissolved
O2 content in surface water. Further sensor assessments should be made to accurately estimate the
response time, long-term stability, and to correct for possible contamination from atmospheric O2.

Figure 1.2: Mean daily oxygen observations (µmol kg-1) from the post-corrected MAX-250+
sensor, optode (orange dots), and monthly mean and standard deviation of discrete Winkler O2
(LP) and O2 YSI (CR) measurements (blue squares).

The linear correlation (r2) between MAX-250+ and the optodes was high (0.84 and 0.80),
and root mean square errors (RMSEs) were small (5 and 7 µmol kg-1) for LP and CR, respectively.
The corrected MAX-250+ oxygen observations show a significant linear correlation (p<0.0001)
with the optodes and discrete measurements (Figs. 1.2 and 1.3). The linear correlation between
MAX-250+ and Winkler/YSI was 0.60 and 0.85, and the RMSE was 8 and 7 µmol kg-1 for LP and
CR, respectively. The mean differences in oxygen concentration between the YSI/Winkler and
MAX-250+ were 3.3 and 7.1 µmol kg-1, respectively. We corrected the MAX-250+ oxygen
measurements using the slope and offset of the linear correlation with the optodes (Fig.1.3).
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Figure 1.3: Linear correlation between MAX-250+ and Optode (white dots) and Winkler/YSI
dissolved oxygen (DO2) observations (red dots) for CR (a) and LP (b). The coefficients (slope ±
standard error) used to correct the MAX-250+ sensor at CR and LP are 1.19 ±0.02 and 3.11 ±0.05,
and the applied offsets (intercept ± standard error) were -37.90 ±4.76 and -475 ±15, respectively.

1.2.4 Meteorological observations
Hourly wind measurements from 2006 to 2013 were taken from the nearby NOAA
Integrated Coral Observing Network (ICON) station (17.94° N, 67.05° W), located 1.8 km south
of the LP buoy (Hendee, 2014). Wind data from 2015 to 2017 were taken from the Caribbean
Coastal Ocean Observing System (CARICOOS) meteorological station (17.97° N, 67.04° W)
located 1.5 km north of the buoy. Wind speeds from the ICON and CARICOOS stations were
measured at 6.5 m and 7.8 m heights, respectively. Wind data gaps were filled using a
climatological curve created with these two datasets. The nearest wind data available for the CR
were obtained from the Molasses Reef Light location (25.01° N 80.38° W), located 27 km north
of the buoy. The wind speed at this station was measured at a height of 15.8 m. These methods
were preferred over the use of buoys far from the study sites or satellite wind measurements, as
their use tends to overestimate the gas air-sea exchange due to their low temporal coverage and
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limited nearshore spatial coverage (Jiang et al., 2008). Wind speeds at both stations were
normalized to the 10-m-height wind speed (Hsu et al., 1994) and averaged daily.
1.2.5 Discrete geochemical surveys
High-quality discrete measurements of TA, DIC, and pH were taken weekly and biweekly
between 8 am and 12 pm (LP) and 1 to 4 pm (CR) to validate and supplement the autonomous
observations (Manzello et al., 2015, 2017, 2018a; Meléndez et al., 2019). Figure 1.4 shows the
intervals of available discrete measurements at both locations. Limitations on the temporal
resolution of these discrete measurements prevent the capture of diel cycles.
The discrete geochemical surveys included profile measurements of physical parameters
using an SBE25® conductivity, temperature, and depth recorder (CTD). Seawater samples at both
sites were collected using a Van Dorn type sampler bottle at approximately 2-3 m depth. The
seawater samples were drawn from the sampler into borosilicate bottles and stored at room
temperature for rapid analysis at the nearby laboratories following Dickson et al. (2007) protocols.
Each sample was poisoned with a saturated solution of mercuric chloride (HgCl2) to prevent
biological alteration and sealed tightly to prevent atmospheric gas exchange.
At LP, the TA and pH samples were collected weekly from 2009 to 2014 between 8-10 am
and bi-weekly from 2015 to 2017 at approximately 12:00 PM local time. The TA seawater analysis
was performed at the University of Puerto Rico Mayagüez Campus (UPRM), Department of
Marine Sciences from January 2009 to June 2014 using a potentiometric acid titration system. The
potentiometric acid titration system is a custom-built Gran titration (Gran 1952) system (Langdon
et al., 2000). The Certified Reference Materials (CRMs) were used to standardize the nominal 0.1
N hydrochloric acid (HCl) titrant at a rate of 0.2515 µL per step (Dickson et al., 2007). The
uncertainty of the instrument and analytical methods as implemented was ± 1 µmol kg-1SW. The
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acid was standardized before starting each analysis. Due to problems with the Gran TA titration
system at UPRM, TA seawater analyses were performed at the University of New Hampshire
(UNH) Ocean Processes Analysis Laboratory beginning with samples collected on June 18, 2014
to May 2017. TA is measured at UNH by Gran titration system with 0.1 N HCl using an automated
titrator (Apollo SciTech). The pH electrode used in the TA titration is an Orion 3-Star, Thermo
Fisher Inc., calibrated using three low ionic strength pH buffers certified on the U.S. National
Bureau of Standards (NBS) scale to ±0.01. Multiple analyses of the Dickson CRM resulted in a
calculated precision of this method of about 0.1 % (∼±2 μmol kg−1). The accuracy of the TA
automated system also calibrated with multiple batches of the Dickson CRM range from ±3 to 4
μmol kg-1SW. From June 2017 to September 2017, samples were analyzed at (UPRM), using the
same system (Apollo SciTech) and following the method used at UNH.
Seawater pH (total scale) samples were analyzed at UPRM using a double beam
spectrophotometer (Shimadzu) with m-cresol purple dye (Sigma Aldrich 211761, 90% dye
content). Samples analyzed using a 10 cm cylindrical cell and extinction coefficients were
recorded over 434, 578, 730-750 (average of range) and 488 nm wavelengths. The pH samples
were analyzed with m-cresol purple as an indicator (Clayton & Byrne, 1993) with replicate
precision of ±0.006.
Phosphate and silicate concentrations in LP were collected six times from 2009 to 2011 in
January, February, March, May, November, and December. Seasonal observations were also
obtained from the Caribbean Time Series station (CaTS, 17.36° N, 67° W) from May 1996 to June
2007. The nutrient and chlorophyll-a (details about the methods are described in Briceño & Boyer,
2019) at CR were taken at the nearby station (The Rocks, 24.94° N, -80.55° W).
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The DIC samples at CR were analyzed by measuring the infrared absorption of the CO2
released after the acidification of the sample with 10% phosphoric acid using an automated DIC
analyzer (Apollo SciTech). Duplicate samples and CRMs are run throughout the analyses. The TA
samples at CR were taken from the remaining water from the same sample bottles used for DIC
using the same method as the LP. The TA and DIC analyses at CR were measured with a precision
of ±1-2 µmol kg-1 and ±2 µmol kg-1, respectively.

Figure 1.4: Intervals of available discrete data at LP and CR.

1.2.6 Caribbean and Atlantic cruises
Discrete TA and DIC samples from seasonal cruises around the Caribbean and Atlantic
Region (Fig. 1.5) were used to determine the mean TA and DIC oceanic conditions. Measurements
were selected for the first 100 m depth and for SST higher or equal to 25oC. The DIC and TA
measurements were normalized by the mean oceanic salinity (S = 36) using Friis et al. (2003) to
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correct for the influence of freshwater addition and removal. For the Caribbean region we used
three cruises to the Caribbean Time Series station (CaTS) on 2011 and 2012; the A22 CLIVAR
and WOCE transect, the Global Ocean Data Analysis Project, the Carbon Dioxide in the Atlantic
Ocean (CARINA), and other cruises around the area in different years from 1997 to 2008. Around
237 and 220 samples were used for the Caribbean TA and DIC, respectively. No seasonal or
interannual variations were observed. We used TA and DIC discrete measurements from the third
Gulf of Mexico Ecosystems and Carbon Cycle (GOMECC-3) along the new 80.6oW transect
between Cuba and Florida (Barbero et al., 2019). No seasonal variations were observed, and we
assumed that changes in TA and DIC were consistent from year to year.

Figure 1.5: Bottle TA and DIC samples obtained from seasonal cruises around the Caribbean and
Atlantic Regions.

1.2.7 First-order derivations of TA and calculation of carbonic acid system
Open ocean dynamics in carbonate chemistry are reasonably well constrained and can be
characterized based on seawater total alkalinity (TA)-salinity and CO2 partial pressure (pCO2sw)temperature relationships (Gledhill et al., 2008; Lee et al., 2006; Wanninkhof et al., 2007).
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However, the natural variability in nearshore environments due to benthic and coastal processes
and their proximity to human coastal activities invalidate these relationships and complicate efforts
to constrain anthropogenic CO2 uptake using temporal changes in DIC. The TA algorithms from
discrete TA measurements showed a moderate correlation with seawater salinity and temperature
(r2LP = 0.55; r2CR = 0.41), with RMSE values of 30 and 45 μmol kg-1 for LP and CR, respectively.
Nevertheless, we find that the relationships are highly significant (p<0.0001; nLP = 547; nCR =
100). The resultant multivariate linear relationship for TALP and TACR are described as follows:

TALP = 43.2(±0.08) × SSS -12.5(±0.07) × SST + 1118.1(±2.10)

(1.1)

TACR = 2.2(±0.25) × SSS -11.8(±0.04) × SST + 2612.7(±9.1)

(1.2)

where (±) is the standard error of the coefficients. The reef CO2 – carbonic acid system was fully
solved using modeled TA (Eqs. 1 and 2) and the buoy’s pCO2sw, salinity, and temperature
measurements at 1 decibar (pressure at 1 meter). The MATLAB program CO2SYS (van Heuven
et al., 2011) was used to determine the carbonate chemistry parameters. We applied the
dissociation constants for K1 and K2 of Lueker et al. (2000) and KHSO4- from Dickson (1990).
We intended to describe when and where it is most difficult to precipitate CaCO3 and the
seasonal magnitude of the physiochemical constraint based on the observed Ωarag values. The
abiotic precipitation of CaCO3 is thermodynamically favored (Ω>1) when the ratio of the
concentration product of carbonate [CO32-] and [Ca2+] is greater than the stoichiometric solubility
product (K*SP). When the ratio is less than K*SP, chemical dissolution is favored (Ω<1), and if
they are in equilibrium (Ω=1), no net dissolution or precipitation is expected. The solubility
constant used to derive Ωarag is from Mucci (1983).
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1.2.8 Air-Sea exchange
The applied transfer velocity-wind speed relationship is described by Wanninkhof (2014).
The air-sea CO2 flux (FCO2) is estimated as follows:

FCO2 = ks × /pCO2sw - pCO2air 0

(1.3)

where pCO2sw - pCO2air is the air-sea gradient in pCO2 (ΔpCO2; μatm), s (mol kg−1 atm-1)
is the solubility of CO2 per unit volume of seawater (Weiss, 1974), and k (m s-1) is the transfer
velocity as a function of wind speed at 10 m above mean sea level. As a convention in this
dissertation, positive O2 and CO2 fluxes represent transfers from the ocean to the atmosphere.
1.2.9 Annual climatology
We use the average daily observations (Fig. 1.6) to construct the annual climatology for
each parameter and derive products to examine the seasonal cycles. The composite year is
constructed by binning the data within the representative Julian day. Both time series are compiled
into four distinct seasons: winter (January–March), spring (April–June), summer (July–
September), and fall (October–December). The seasonal variability was computed using the peakto-peak amplitude. The statistical significance of the seasonal amplitudes was evaluated using
Student’s t-tests at 0.01 and 0.05 significance levels after a normality check.
The buoy of LP was replaced in 2014, which produced the highest number of missing
observations (Table 1.1; Fig. 1.7). Other gaps in the time series occurred intermittently due to
instrument failure and buoy annual servicing (Fig. 1.7). Although the measurements are
occasionally unavailable, all seasons were sampled at both time series. At LP, the SST and SSS
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gaps from 2010 were filled with the nearby ICON buoy measurements. The average differences
between SST and SSS measurements from the ICON and the MapCO2 buoys were <0.05°C and
<0.0008, respectively. We re-evaluate all the results without filling the gaps and there were no
significant differences in the climatological means of the SST and SSS (p<0.001).

Figure 1.6: Multiannual time series oceanography and carbonate chemistry parameters at La
Parguera (black) and Cheeca Rocks (red) from January 2009 and December 2011 to September
2017. Daily averaged sea surface in situ and derived observations of a) temperature (SST; °C), b)
salinity (SSS), c) CO2 flux (mmol m-2 day-1), d) postcorrected oxygen from the MAX-250+ sensor
(O2; µmol kg-1), e) derived dissolved inorganic carbon (DIC; µmol kg-1), f) derived total alkalinity
(TA; µmol kg-1), g) derived Revelle factor, h) seawater pCO2 (pCO2sw, µatm), i) boundary layer
atmospheric (pCO2AIR; µatm), j) air-sea gradient of pCO2 (ΔpCO2; μatm), k) derived pH (total
scale), and l) derived aragonite saturation state (Ωarag). The derived carbonate parameters are
functions of pCO2sw and TA. The derived TA is a function of SST and SSS (Eq. 1).
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Table 1.1: Percent of missing data in CR and LP time series. The autonomous pH data (SAMI
pH) is not used in our analyses but is provided for reference.
Buoy Measurements
xCO2air
xCO2sw
SST and SSS
% O2 (Max-250+)
O2 (Optode)
pH (Sami)

CR
3%
5%
14%
5%
53%
74 %

LP
12%
12%
21%
32%
78%
76 %

Figure 1.7: Intervals of available data from the autonomous buoy observations for LP and CR
time series. The autonomous pH data (SAMI pH) is not used in our analyses but is provided for
reference.

1.2.10 Error assessments
Model uncertainties for Ωarag, DIC, oxygen, and CO2 fluxes considered errors associated
with the estimation of TA and pCO2sw as well as errors in the dissociation constants, instrument
sampling, laboratory analyses, and model coefficients. We used Monte Carlo simulations and the
new MATLAB function error by Orr et al. (2018). Prior to the Monte Carlo simulations, a
normality check was performed using the Kolmogorov-Smirnov test on each of the model
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variables to verify that the data were normally distributed. Random normal distributions of each
model were generated using MATLAB. The final uncertainty analyses included accumulated
uncertainty attributable to instrument sampling, analyses, and estimated parameters. Sampling was
repeated 1,000 times to establish the final uncertainty, mean, and standard deviation for each
simulation.
1.2.11 Spatiotemporal integration of the pCO2sw and discrete TA and DIC observations
In an effort to better understand the predominant spatial extent over which the buoy
measurements are integrated and the physical forcing that controls the residence times and
accumulation of the chemical signature from biogeochemical processes in these shallow reefs
(Lowe & Falter, 2015), near-reef currents were assessed using acoustic Doppler current profilers
(ADCPs) and a tilt current meter (TCM). At LP, two ADCP deployments were located east (ADCP
E) and west (ADCP W) of the buoy in shallower water (6 m deep) within the forereef morphology
from February to December 2009 to track the flow along the forereef and confirm a quasiunidirectional flow along the reef with a preferential flow towards the buoy (Figs. 1.8 and 1.9).
The currents at CR were characterized by a yearlong Tilt Current Meter (TCM) deployment (24.89
o

N, 80.61 oW) located at 4 m deep at the buoy site. The measurements were taken from September

29, 2016 to September 26, 2017. These physical observations provide a more
comprehensive interpretation of how to infer local biogeochemical processes given the
autonomous pCO2sw and oxygen measurements respond on much shorter spatiotemporal scales
than the discrete DIC and TA (Takeshita et al., 2018).
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Figure 1.8: Map showing Enrique reef at La Parguera Puerto Rico. The CO2 buoy (red dot) is
located at the west-end of Enrique Cay. The white arrows indicate the dominant current direction.
The position of the ADCPs (E and W) are marked with red and black dots. The total length of
Enrique forereef is 1.50 km and the forereef area covers 20% or 0.09 km2 of Enrique Cay.

Figure 1.9: Map showing Cheeca Rocks at Upper Florida Keys. The CO2 buoy and Tilt Current
Meter (TCM) are marked with the black dot. The arrows indicate the dominant current direction.
The distance between the end of the current vector and the buoy is around 1.20 km. The benthic
habitats and GIS viewer is are provided by the Florida Fish and Wildlife Conservation
Commission-Fish
and
Wildlife
Research
Institute
and
available
here:
https://myfwc.com/research/gis/regional-projects/unified-reef-map/
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Residence times at LP and CR were measured using the inputs and outputs of Beryllium-7
(Venti et al. 2012, 2014) to assess how TA and DIC discrete samples are integrated over temporal
and spatial scales. We assumed that the biogeochemical processes modify the carbonate chemistry
as the water mass flows over the shelf platform from the open ocean end-member. Based on these
results (see text below for details), discrete TA and DIC measurements represent metabolic
processes that have been integrated over multiple days and spatial scales greater than 10 km, while
the pCO2sw and oxygen chemical signatures represent processes on diel timescales (hours) by the
communities close (<5 km) to the buoy. Based on the physicochemical characteristics (e.g.,
currents, winds, residence times, and salinity changes) at both locations, we assume variability
associated with larger scale oceanic processes occurs at time scales much longer than the reef’s
spatiotemporal scales.
Polar histograms of current speed, direction, and frequency were used to characterize the
dominant currents at the sites (Figs. 1.10 and 1.11). At LP, the dominant current at ADCP W (west)
was 1.24 cm s-1 (1.1 km day-1) toward the west-northwest and 280-290° from true north (Fig. 1.10).
This result is in good agreement with the results observed by McGillis et al. (2011). The ADCP W
shows low seasonal variation and was situated almost precisely upstream from the buoy, which
allows for a robust estimation of the residence time between the buoy and the forereef. Taking the
distance between the ADCP W and the buoy as 0.18 km and a dominant current of 1.24 cm s-1, the
water that reaches the buoy at LP traverses over the forereef for at least 4 hours. The current
histogram (Fig. 1.10) presented for ADCP E (east) shows a dominant current of 1.72 cm s-1 (1.5
km day-1) directed toward the southwest in good alignment with the east-end orientation of the
forereef, which suggests that currents at this site predominantly follow the reef morphology. It is
likely that the actual time the water has been in contact with the Enrique forereef is longer than the
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above calculation. If we assume the water reaching the buoy traversed along the forereef from
ADCP E to ADCP W, as suggested by the dominant currents presented in the histograms, then the
residence time of the water exposed to reef conditions could be up to 16 hours. Over a semidiurnal
cycle (12 hours), the spatial scale of these measurements is approximately 0.5 km. Residence times
from Beryllium-7 between the buoy site and 11 km offshore (17.87 °N, -67.02 °W) were measured
in 2011. These results indicate that the shelf platform processes are integrated over 9 and 11 ± 2
days. These time scales agree with the current speed measured by the ADCPs.

Figure 1.10: Polar histograms show the average distribution of the currents at LP ADCP W. The
data from LP represent a yearlong deployment from February to December 2009. Polar histograms
show the average distribution of the currents east of the buoy (ADCP E). The data represent a yearlong deployment from February to December 2009.

The TCM deployment at CR showed a dominant current mean speed of 7.98 cm s-1 (7 km
day-1) toward the southwest at 222° with no seasonal variation (Fig. 1.11). According to the ocean
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current results, the water reaching the reef was previously north of the buoy (Fig. 1.9). Over a
semidiurnal cycle, the spatial scale of the measurements represents biogeochemical and
thermodynamic processes from 3 km north of the buoy. Then, the buoy data from CR represent
water that is about to contact the reef. The buoy’s chemistry may reflect processes from areas north
of the buoy, primary composed of seagrass, macroalgae, fine-grained CaCO3 sediments and rocks,
and some isolated hard and soft corals. Seagrass communities upstream of the buoy at CR can
produce high-frequency variability in the carbonate chemistry on diel timescales, which can
contribute to the greater variability observed at CR relative to that at LP. The Beryllium-7 average
residence time between the offshore and inner reef areas in the upper Florida Keys is estimated to
be 5.6 ± 1.7 days with no significant seasonal variation (Muehllehner et al., 2016).

Figure 1.11: Polar histograms show the average distribution of the currents at CR. The data from
CR represent a yearlong deployment from September 2016 to September 2017.
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1.3 Results and discussion
1.3.1 Model vs in situ observations and carbonate uncertainties
The statistical results from the linear correlations between the discrete and modeled/buoy
measurements are presented in Table 1.2 (see also Fig. 1.12 for a graphical representation of the
seasonal modeled and discrete data). The average difference between the pCO2sw buoy
measurements and pCO2sw calculated from discrete measurements was <1 μatm. The average
difference between the SAMI-pH and spectrophotometric pH measurements at LP was 0.01, and
the difference between the derived pH (from discrete TA and DIC) and SAMI-pH at CR was 0.005.
The modeled and discrete TA differences over the annual mean were 2 and 0.3 μmol kg-1 for LP
and CR, respectively.
The CO2SYS modeling program (Orr et al., 2018) was used to numerically characterize
the uncertainties produced from modeled TA and pCO2sw for the carbonate chemistry calculations
(Fig. 1.13). The uncertainties in the calculated [CO32-] for LP and CR are 2% and 4%, respectively.
This result is close to the climate goal (<1%) needed to identify decadal trends (Newton et al.,
2015). The final carbonate uncertainties are summarized in Table 1.3. This data comparability,
achieved with widely differing methods, demonstrates the robust quality of our analytical
procedures and resulting data.
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Table 1.2: Linear correlation coefficients (r2), number of observations (n), Root Mean Square
Error (RMSE), and p-values from the linear regression between the buoy/modeled parameters vs.
the discrete (bottle) samples. The model parameters are as a function of buoy pCO2sw and the TA
(SST, SST). The pCO2sw bottle is as a function of pH and the TA discrete samples for LP and TA
and DIC discrete samples for CR.
Parameter

r2

n

RMSE

p-values

La Parguera
pH (SAMI vs. bottle)
0.45
16
0.021
0.0045
pH (model vs. bottle)
0.57
169
0.017
<0.001
pCO2 (buoy vs. bottle)
0.48
139
18.8
<0.001
TA (model vs. bottle)
0.52
194
25.50
<0.001
DIC (model vs. bottle)
0.43
139
20.20
<0.001
SSS*
0.99
254
0.04
<0.001
*
SST
0.99
254
0.13
<0.001
Cheeca Rocks
pH (SAMI vs. bottle)
0.92
15
0.018
<0.001
pH (model vs. bottle)
0.83
62
0.027
<0.001
pCO2 (buoy vs. bottle)
0.84
62
31.8
<0.001
TA (model vs. bottle)
0.40
49
32.8
<0.001
DIC(model vs. bottle)
0.64
62
52.4
<0.001
*
SSS
0.68
46
0.55
<0.001
SST*
0.99
63
0.453
<0.001
*SSS and SST are the values measured by the buoy vs. the CTD profiles during the discrete
surveys.
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a) La Parguera

b) Cheeca Rocks

Figure 1.12: The seasonal modeled and discrete O2, DIC, TA, pCO2sw, pH, and Ωarag
measurements for LP (upper panel, a) and CR (lower panel, b). The black line represents the
composite year mean values and the gray shading indicates the standard deviation of each
measurement. The blue squares are the monthly mean and standard deviation of discrete
measurements. The red dots represent the composite year mean values of the oxygen Aanderaa
optodes and SAMI pH.
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Figure 1.13: Daily averaged uncertainties produced for each modeled TA and pCO2sw values on
DIC, [H+], [HCO3], and Ωarag for CR (a) and LP (b). The CO2SYS modeling program (Orr et al.,
2018) was used to illustrate the uncertainties numerically. The final uncertainties considered errors
associated with the estimation of TA and pCO2sw, as well as errors on dissociation constants.

Uncertainties in our derived parameters (DIC, Ωarag, pH, and Revelle factor) are mostly
associated with the TA linear model at both sites. These uncertainties arise primarily from
calcification and dissolution. Collecting TA during the day may result in biases toward daytime
processes, although it may partially represent the diurnal variability around the “true” TA mean.
For example, several studies have shown that TA varied over a diurnal cycle by as much as 70 ±
24 μmol kg-1 in the Florida coral reefs (Turk et al. 2015) and ranged from 4 to 31 μmol kg-1 at LP
(McGillis et al., 2009). The use of seasonal modeled TA values may reduce the potential biases
caused by diurnal processes.
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Table 1.3: Summary of MapCO2 observations and model uncertainties. TA and DIC ocean refer
to the ocean end-member (Section 1.2.6) and the TA and DIC reef to the derived for LP and CR
(equations 1.1- 1.2).
Buoy Observations
Temperature (°C)
Salinity (SSS)
pCO2sw (µatm)
Model parameter
O2 corrected (µmol kg-1)
TAreef (µmol kg-1)
DICreef (µmol kg-1) *
TAocean (µmol kg-1)
DICocean (µmol kg-1)
Ωarag*
[H+] (nmol kg-1) *
[CO32-] (µmol kg-1)*
[HCO3] (µmol kg-1)*
CO2 Flux (mmol m-2 day-1)
* f(pCO2sw and TAreef)

LP

CR

Method

± 0.01
± <0.1
± <2.0

± 0.01
± <0.1
± <2.0

Sutton et al. (2014)
Sutton et al. (2014)
Sutton et al. (2014)

± 6.0
± 30.0
± 24.0
± 5.0
± 13.0
± 0.1
± 0.1
± 5.0
±19.3
± 0.4

± 7.0
± 47.0
± 38.0
± 6.0
± 9.0
± 0.2
± 0.2
± 10.1
± 32.0
± 0.3

RMSE
RMSE
Orr et al.2018
RMSE
RMSE
Orr et al.2018
Orr et al.2018
Orr et al.2018
Orr et al.2018
Monte Carlo

1.3.2 Seasonal variability in carbonate chemistry
Mean conditions and seasonal amplitudes from the annual climatology (Fig. 1.14) in
measured and modeled parameters are presented in Table 1.4. On an annual scale, CR experiences
greater seasonal amplitude in seawater temperature than LP. This difference is primarily due to the
larger magnitude in regional air temperatures and net atmospheric heat flux. At CR, the seawater
temperature seasonal variation was 6 °C greater and the mean summer conditions were 1 to 2 °C
warmer compared with the reef at LP. Although conditions during the summertime at CR were
warmer than those at LP, throughout most of the annual year (67%), the temperatures were from
5 to 6 °C cooler than those at LP. The elevated temperatures (>30 °C) between August and October
coincided with low salinities at both stations. Both sites experienced similar seawater salinity

34

seasonal patterns and varied annually by 2. The seasonal summer evaporation and local rainfall
during the fall further affect the salinity changes at both sites. Year round, the salinity at LP was
1.2 to 1.6 units fresher than that at CR, with a maximum difference from October to January. The
resulting difference may be due to the significant role that the Orinoco and Amazon River plumes
play in freshening the system between May and October in the eastern Caribbean region (Corredor
& Morell, 2001; Fournier et al., 2017; Salisbury et al., 2011).
The DIC and TA at LP showed similar salinity seasonal patterns. These seasonal cycles
were associated with cooling and lower DIC and TA pools from the freshwater influx of regional
river plumes during the fall (Cooley, 2006; Cai et al., 2010). The seasonal DIC and TA amplitudes
(60 and 89 μmol kg-1) were smaller relative to CR (221 and 117 μmol kg-1). The seasonal
amplitudes of DIC and TA were significant (p<0.01) despite the model errors for both sites.
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Table 1.4: Summary of the LP and CR seasonal variability in carbonate and oceanography
parameters. The mean conditions and standard deviation (±) are from the daily averaged
observations. The seasonal amplitudes were calculated using the peak-to-peak change from the
composite annual year.
LP (Jan 2009 to Sept 2017)

CR (Dec 2011 to Sept 2017)

Parameter

Mean ± std

Seasonal
amplitude

Mean ± std

Seasonal
amplitude

Temperature (˚C)

28.55 ± 1.09

3.61

26.97 ± 3.00

9.95

Salinity

35.33 ± 0.52

1.64

36.12 ± 0.51

2.15

Wind speed (m s-1)

4.20 ± 0.74

4.01

5.58 ± 1.36

6.46

O2 (μmol kg-1)

191.41 ± 11.79

39.39

197.92 ± 13.73

47.98

DIC (μmol kg-1sw)

1977.28 ± 16.36

60.48

2029.29 ± 60.22

221.85

TA (μmol kg-1sw)

2295.2 ± 26.49

88.77

2372.57 ± 35.47

117.39

nDIC (μmol kg-1sw)

2009.6 ± 14.33

47.91

2030.3 ± 59.04

218.08

nTA (μmol kg-1sw)

2334.6 ± 13.06

42.61

2370.4 ± 35.44

124.61

Revelle Factor

9.26 ± 0.11

0.43

9.14 ± 0.65

2.78

pCO2sw (μatm)

425.76 ± 21.61

73.71

397.30 ± 69.10

284.25

pCO2air (μatm)

386.26 ± 3.28

13.82

384.41 ± 6.06

22.68

ΔpCO2sea-air (μatm)

38.51 ± 24.40

81.88

12.90 ± 72.43

285.61

pH (total scale)

8.02 ± 0.02

0.07

8.06 ± 0.06

0.25

Ωarag

3.62 ± 0.09

0.33

3.87 ± 0.43

1.80

FCO2 (mmol m-2 day-1)

2.05 ± 1.44

6.71

1.48 ± 8.57

51.82
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Figure 1.14: Seasonal patterns for the period from January 2009 to September 2017 (LP, black)
and from December 2011 to September 2017 (CR, red). The black and red lines represent the
composite year mean values, and the gray and red shading indicate the standard deviation of each
measurement. Seasonal climatologies of a) temperature (SST; °C), b) salinity (SSS), c) CO2 flux
(mmol m-2 day-1), d) postcorrected oxygen from the MAX-250+ sensor (O2; µmol kg-1), e) derived
dissolved inorganic carbon (DIC; µmol kg-1), f) derived total alkalinity (TA; µmol kg-1), g) Revelle
factor, h) seawater pCO2 (pCO2sw, µatm), i) boundary layer atmospheric (pCO2AIR; µatm), j) airsea gradient of pCO2 (ΔpCO2; μatm), k) derived pH (total scale), and l) derived aragonite saturation
state (Ωarag). The derived carbonate parameters are functions of pCO2sw and TA. The derived TA
is a function of SST and SSS (Eqs. 1.1 and 1.2).
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The average phosphate and silicate concentrations at LP were 0.032 ± 0.018 μmol L−1 and
1.83 ± 0.277 μmol L−1, respectively. The phosphate shows a maximum in February and May with
concentrations no greater than 0.03 µM. Silicate concentration displays a seasonal cycle with a
peak from August to January of ~2.5 µM and lows of <1.5 µM the rest of the year. Monthly
measurements at Caribbean offshore waters (CaTS station) show no seasonal change in nitrate,
and the concentrations are < 0.03 µM. The average phosphate, silicate, and nitrate at The Rocks
station were 0.19 ± 0.14, 0.60 ± 1.40, and 0.13 ± 0.15 μM, respectively (Fig.1.15). Silicate and
nitrate showed a peak in June, corresponding to an increase in nutrient inputs during the rainy
season (Lapointe & Clark, 1992). The phosphorous slightly increased in January from 0.2 to 0.3
μM. At a typical seawater pH of 8.02, the significant contributions of phosphorus and silicate
concentrations to TA and DIC (>1 μmol kg-1) were at concentrations >1 μmol kg-1 and > 30 μmol
kg-1, respectively. The relatively low concentrations of these inorganic nutrients (<1 μmol kg-1)
and the potential contribution to TA and DIC at both stations were nonsignificant (<0.01%) and
therefore neglected.
The seasonal amplitudes in the modeled and discrete normalized TA and DIC (nTA and
nDIC) at CR were approximately 180 and 300 µmol kg-1, respectively (Fig. 1.16). At CR, the nDIC
and nTA increased from August to January and decreased from February to June. We observed a
significant consumption (p<0.05) and excess (p<0.05) of discrete nTA and nDIC relative to
oceanic values at CR, indicating a significant contribution from calcification/dissolution and
photosynthesis/respiration processes (details are described in Chapter 2). No significant (p>0.05)
excess of nTA relative to the oceanic mean was observed at LP. The seasonal fluctuations at LP
in discrete nTA and nDIC were 37.5 and 43 µmol kg-1, respectively. The nDIC and nTA at LP
increased from June to December and decreased from January to May. Although the seasonal
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variations are less pronounced at LP, the seasonal amplitudes of the modeled and discrete nTA
and nDIC were statistically significant (p<0.05).

Figure 1.15: Monthly climatology of nitrate (μM), phosphorus (μM), silicate (μM), and
Chlorophyll-a (μg L-1), concentrations at The Rocks water quality station from the time period of
1995- 2018. The shaded areas represent the standard deviation (sd) of the monthly averages.
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Figure 1.16: Modeled normalized TA and DIC (nTA, nDIC) and nDIC: nTA ratios relative to
adjacent oceanic values (dashed lines) and discrete measurements. The black line represents the
mean modeled values and the gray shading indicate the model error. The error bars are the monthly
mean and standard deviation of the discrete measurements.

The net annual exports of carbon from the water to the atmosphere at LP and CR were
+0.88 ± 0.66 mol CO2 m-2 year-1 and +0.56 ± 3.37 mol CO2 m-2 year-1, respectively. These fluxes
are relatively weak when compared with other reef locations, such as Bermuda (Bates et al., 2001)
and Kaneohe Bay, Hawaii (Fagan & Mackenzie, 2007; Massaro et al., 2012). This difference can
be related to different factors, including the method used, meteorological and physicochemical
characteristics, pCO2sw temperature sensitivity, and biological processes. On an annual basis, the
Enrique forereef was a persistent source of CO2 to the atmosphere (+2.41 ± 1.80 mmol CO2 m-2
day-1, p<0.05). The FCO2 seasonal amplitude was approximately +9 mmol CO2 m-2 day-1, with a
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minimum of 0.08 mmol CO2 m-2 day-1 in February and a maximum of +8.89 mmol CO2 m-2 day-1
in August. Conversely, the FCO2 at CR ranged from -16.64 to +41.41 mmol CO2 m-2 day-1. From
January to June (43% of the annual year), the CR reef was a net sink for CO2. This finding is
consistent with previous results found in Olsen et al. (2004) and Wanninkhof et al. (2007), where
the northern Caribbean areas are a sink during the springtime while the southern areas remain a
source of CO2 to the atmosphere. At CR, the wind speed ranged from 3 to 9 m s-1, and the prevailing
wind direction was from the east, northeast, and southeast. The average daily wind speeds at LP
ranged from 2 to 6 m s-1 and showed little seasonal variation. The prevailing wind directions were
from the east and southeast. The ΔpCO2sea-air and FCO2 seasonal patterns were similar at both sites,
suggesting that wind speed plays a smaller role than thermodynamic and biological changes.
The pCO2air fluctuations were modest at CR and LP (24 and 13 µatm) and similar to the
reported regional CO2air values. The pCO2air fluctuations were modest at CR and LP (24 and 13
µatm) and similar to regional CO2air values reported (Conway et al., 1994; Masarie & Tans, 1995),
respectively. The seasonal pattern at both sites was similar to maximum CO2air concentrations
observed in the winter and late fall and minimum during the spring/summer. Maximum seawater
pCO2sw values in LP were observed from August through October, while the minima occurred
during the wintertime when the surface pCO2sw decreased to nearly the atmospheric equilibrium
(~390 µatm). The pCO2sw seasonal amplitude in LP was minor (73 µatm) relative to the significant
annual change (284 µatm) experienced in CR. The seawater pCO2sw in CR fluctuated between 100
and 175 µatm day-1 during the fall, where the annual maximum values were 544 ± 69 µatm. In the
spring, the pCO2sw decreased to a minimum of 260 ± 69 µatm. This corresponded to an
oversaturation of pCO2sw by 140% and an undersaturation of 65% from the annual mean
atmospheric value (384 ± 6.1 µatm).
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The pH and Ωarag seasonal patterns were similar at both sites, with minimum values from
October to November and maximum values from February to April, respectively. The pH
amplitude at LP was small (0.07) relative to CR (0.25). The mean pH conditions (based on [H+])
during the fall in LP and CR were 15% and 44% lower (“more acidic”), respectively, relative to
the wintertime. The Ωarag in CR was 38% higher in spring than in fall and winter and ranged from
4.73 (April) to 2.93 (November). At LP, the Ωarag seasonal amplitude was 0.3, with a maximum of
3.78 ± 0.09 (April) and a minimum of 3.44 ± 0.09 (November). The mean Ωarag at LP was 3.63 ±
0.09 and 3.87 ± 0.44 at CR. The Ωarag values at both locations systematically decreased from
summer to fall despite the increase in temperature and the thermodynamic effect on mineral
solubility. These results agreed with previously calculated seasonal fluctuations for LP and CR
(Manzello et al., 2012, 2018b; Sutton et al., 2016).
The mean buffer capacity at both stations showed similar seasonal patterns, albeit differing
amplitudes. The Revelle factor in CR ranged from 8.10 to 10.87 from spring to fall. In contrast,
the Revelle factor at LP only fluctuated from 9.06 to 9.49. The oxygen seasonal pattern was
comparable at both sites, with a minimum during summer and fall when the pCO2sw was at the
maximum value. The oxygen seasonal cycles were supported by three in situ independent
measurements using calibrated optical oxygen sonde and Winkler oxygen discrete measurements,
calibrated Aanderraa optodes, and MAX-250+ sensors (Figs. 1.2 and 1.12) and regional patterns
on Chlorophyll (Fig. 1.17). At both sites, the increase in pCO2sw and the decrease in oxygen and
pH from summer to fall suggested that organic biological processes involving CO2 production play
an important role in modifying pH and Ωarag.
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Figure 1.17: Caribbean Sea surface Chlorophyll-a (µg L-1) concentrations from Satellite
observations. The Chl-a (Hu et al., 2012) observations are from the SeaWiFS (Reprocessing,
R2018.0) at 0.1o resolution taken at the latitude 17.

1.4 Conclusions

In this chapter we synthesized the physical and chemical data, and characterized the
seasonal fluctuations of the carbonate system at LP and CR. The autonomous capabilities of these
buoy and the model parametrizations of TA using the discrete data can be used to detect seasonal
fluctuations of parameters sensitive to OA, such as DIC, pH, and Ωarag, with high confidence. Our
findings suggest that combined optode and MAX-250+ oxygen sensors can be used to quantitively
track biological variability at both locations. Even though the uncertainties in the Ωarag parameter
were close to the climate goal (<1%) needed to identify decadal trends, further developments in
methodology and instrumentation of TA are required to better estimate small changes in seawater
Ωarag. The resulting CO2 fluxes show LP as a persistent source of CO2 to the atmosphere, while
CR transitioned from net source to net sink of CO2 from fall to spring. The biological processes
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from the seagrass communities close to the CR buoy likely enhanced the carbonate chemistry over
diurnal and seasonal scales relative to LP despite the longer residence times observed at LP. The
results suggest that biological processes contribute to TA and DIC seasonal variations at both
locations. The high temperatures coincided with low salinities, low pH, and Ωarag at both stations.
The nTA and nDIC fluctuations at CR show there are a significant contribution from
calcification/dissolution and photosynthesis/respiration processes. At LP, nTA seasonal variations
are less pronounced and always under the ocean mean values, suggesting nearshore calcification
reduces the open ocean source water TA significantly. Although the Ωarag remains supersaturated
(Ωarag >1) at both locations, we observed seasonal depression during the fall that likely
compromises corals' ability to maintain net calcification and increase the sensitivity of carbonate
to dissolution.

44

CHAPTER 2
RELATIVE CONTRIBUTIONS OF ORGANIC AND INORGANIC CARBON
PROCESSES TO SEASONAL CARBONATE VARIABILITY

2.1 Introduction
Nearshore processes, such as the upwelling of low pH waters (Feely et al., 2008),
deposition of atmospheric nitrogen and sulfur (Doney et al., 2007), discharge of riverine waters
(Salisbury et al., 2008), inputs of nutrients and organic matter that stimulate intense respiration
and generation of CO2 (Cai et al., 2011; Cyronak et al., 2014) or photosynthetic uptake of DIC
(Manzello et al., 2012; Yeakel et al., 2015), and reef hydrodynamics (Lowe & Falter, 2015), act
together to enhance or diminish the OA effects over different spatial and temporal scales.
Laboratory-based experiments demonstrate that benthic fluxes exert significant control on the
carbon cycle in shallow coastal areas (Anthony et al., 2013). Different benthic processes, such as
groundwater discharge (Cyronak et al., 2013), sediment fluxes (Santos et al., 2012), community
(algae, sand, coral, microbial) metabolism (Kleypas et al., 2011), and organic matter
remineralization (Andersson & Mackenzie, 2012), can potentially affect carbonate chemistry.
However, a recent experiment in a natural coral reef environment in Bermuda (Long et al., 2019)
observed that the water column contributed 58% vs. the benthic contribution of 39% to organic
metabolism.
The major biologically driven changes in the carbonate system (Gattuso et al., 1998) can
be described by net ecosystem production (NEP = photosynthesis – respiration) and net ecosystem
calcification (NEC = calcification – dissolution). The combination of NEP and NEC changes the
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seawater TA to DIC ratio (2:1), which in turn dictates the variability in the sea surface pH, pCO2sw,
and ΩCaCO3 (Zeebe & Wolf-Gladrow, 2001). Interactions between changes in benthic community
composition, water column communities, and organic carbon sources/sinks as they face stress or
change over time and space are poorly understood. As a result, global projections of OA and
carbonate chemistry may not be valid for coral reefs, mangroves, and estuaries, where most of the
affected organisms (e.g., mussels, oysters, corals, and coralline algae) reside. The effects of OA in
coastal ecosystems can be several times higher and faster than typically expected for oceanic
waters (Duarte et al., 2013).
In this chapter, discrete measurements of TA and DIC and autonomous pCO2sw and oxygen
measurements are used to qualitatively identify and describe seasonal biological and physical
mechanisms that result in seawater carbonate chemistry seasonal changes. This chapter provides
biological indices that are informative enough that stakeholders, scientists, coastal managers, and
the community can be used to evaluate management strategies and to identify periods of resilience
and vulnerability.

For reference see: Chapter 1
2.2 Methods
The nTA:nDIC slopes can be used to describe changes in biogeochemical processes
(Deffeyes, 1965; Lantz et al., 2014). For example, net calcification increases nTA:nDIC slopes
(>1), while net production decreases the nTA:nDIC slopes. We assume that processes such as
nutrient uptake/release and ammonia and sulfate reduction have minor effects in these two coral
reef ecosystems relative to the influence of net calcification and productivity. These processes
should be carefully considered in ecosystems where nutrient and organic acid concentrations are
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high (Andersson & Mackenzie, 2012; Dickson, 2010). We assumed that the discrete measurements
are representative of daytime processes; however, sampling schemes that can capture biological
diel cycles and respond to changes in water residence time and mixed tidal cycles are needed in
subsequent studies. Note that biogeochemical processes from DIC and TA observations likely
respond to much longer spatiotemporal scales than the pCO2sw and oxygen measurements (see
Chapter 1 section 1.2.11 for more details).
To further explore the relative contributions of biological processes in carbonate chemistry
seasonal changes, we used autonomous pCO2sw and oxygen measurements (Joesoef et al., 2015;
Shadwick et al. 2011; Takahashi et al., 2002). Note that these high-frequency buoy observations
fill the temporal uncertainties in the discrete nTA and nDIC, integrate the diurnal activity over
longer time scales, and provide information about processes at an ecosystem scale.
The observed changes in oxygen likely reflect variations in biology at both sites. Higher
residence times at LP may enhance the magnitude of the chemical signals relative to CR. However,
seagrass beds such as those north of CR may offer greater potential to change oxygen, while at LP,
no significant seagrass beds are found upstream of the buoy. The use of apparent oxygen utilization
(AOU) removes the solubility effects of oxygen, which are primarily driven by temperature
changes. We assume that AOU changes are much less affected by physical processes, such as
ventilation, air-sea exchange, and lateral export. Then, oxygen consumption by respiration is
closely related to AOU greater than zero and oxygen production by photosynthesis is related to
AOU lower than zero.
A simulation using the temperature normalization of pCO2sw to consider the fraction of the
air-sea gradient of pCO2 (ΔpCO2sea-air) that is caused by biological (ΔpCO2bio) versus thermal
(ΔpCO2temp) processes was performed (Takahashi et al., 2002). This result was qualitatively
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compared with the AOU observations to consider the organic carbon dynamics. For example, if
ΔpCO2bio is below or near zero (or constant) during heterotrophic conditions, then biological
processes that decrease pCO2sw (i.e., dissolution) are dominant.
2.3 Results and discussion
2.3.1 Changes in discrete nTA and nDIC concentrations
The nTA:nDIC slopes observed at CR and LP were 0.74 ±0.03 and 1.0 ± 0.02, respectively.
These results were in accordance with the results of Cyronak et al. (2018) and consistent with
patterns observed in other reef areas with longer integration times. This finding suggests that reef
metabolism at both locations modulates nearshore water chemistry relative to the oceanic mean
conditions. The relative influence of organic metabolism on DIC was higher at CR (63%) than at
LP (50%), following Eq. 1 as detailed in Cyronak et al. (2018), suggesting that productivity plays
a more important role in driving chemical variability at CR. It is possible that this difference is
because metabolic processes at CR are integrated over the platform for relatively shorter residence
times (days) than at LP (days to weeks). According to Takeshita et al. (2018), net calcification
becomes more critical than net production when integrated over multiple days (i.e., net production
is balanced, but calcification is always positive over a diurnal cycle).
Figure 2.1 shows that most of the data points at CR fall into the lower left and upper right
quadrants, indicating that calcification and dissolution could play an important role in the seasonal
carbonate dynamics. Prior work described in the Florida Keys has associated the changes in nTA
and nDIC with net calcification (Muehllehner et al., 2016) and benthic primary productivity
(Manzello et al., 2012). The seasonal chlorophyll cycle (Fig. 1.15), determined from measurements
taken at the nearby station (Rocks) from 1995 to 2014, shows low values throughout the year (<0.5
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μg L-1) with a slight increase from February to April (>1 μg L-1), supporting the hypothesis of an
increase in photosynthesis during spring.

Figure 2.1: Relationship between salinity-normalized DIC (nDIC; µmol kg-1) and TA (nTA; µmol
kg-1) using the discrete measurements collected at CR (n = 141; panel a) and LP (n = 499; panel
b). Measurements were normalized by the mean oceanic salinity (S = 36.0). The average ocean
nTA and nDIC values are denoted by gray dashed lines. The pink (spring), green (summer), orange
(fall), and blue (winter) colors represent the different seasons. The line TA to DIC slopes expected
from NEC and NEP are in solid black lines.

While calcification is an important process throughout much of the year at LP, respiration
appears to provide an additional source of DIC to the system, particularly during the fall. We
hypothesize that calcification within the reef-shelf platform reduces TA relative to that of offshore
communities. Interestingly, the data cluster at LP does not pass through the ocean nTA and nDIC
intercept. With limited ship-based data in the Caribbean region, this discrepancy is likely due to
the poor characterization of the ocean end-member. Careful consideration should be taken when
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calculating or interpreting biogeochemical processes using the anomaly technique or the graphical
analysis of TA and DIC vectors at LP.
2.3.2 Changes in O2 and pCO2sw buoy observations
The seasonal variations in pCO2sw are caused by the interaction among thermodynamics,
physical processes (e.g., air-sea exchange and mixing), and biological processes. The correlation
between logarithm of pCO2sw and temperature shows no apparent linear correlation (r2 = 0.05) and
a deviation (i.e., 0.012 °C-1) from the pCO2sw dependence with temperature (0.0423 °C-1) estimated
by Takahashi et al. (1993). This finding suggests that the temperature effects on pCO2sw at CR are
offset by biological productivity, air-sea exchange, and mixing. At LP, pCO2sw shows a significant
(r2 = 0.60; p<0.01) linear correlation with temperature, and the slope is similar (0.0409 °C-1) to the
pCO2sw temperature dependence of Takahashi et al. (1993). This result suggests that at LP,
thermodynamics were dominant with little biological compensation to offset the temperature
pCO2sw sensitivity. To normalize the pCO2sw (npCO2sw) and explore the relative contribution of
biology (assuming the effects of physical transport are small) on the pCO2sw seasonal changes, we
used the thermodynamic coefficient estimated by Takahashi et al. (1993) at a mean temperature of
28.6 °C and 26.9 °C for LP and CR, respectively.
At LP, the biological processes affecting the pCO2 air-sea gradient were relatively constant,
except for a small increase from mid-September to mid-December (Fig. 2.2). Heterotrophic
conditions dominated from mid-spring to fall, and autotrophic conditions dominated from
December to mid-April at LP. Although McGillis et al. (2009, 2011) do not provide seasonal data
and the integrated daily rates of net metabolism at Enrique’s forereef are variable, our results agree
with the time of the year when they obtained measurements. Given our assumptions, the
dissolution processes under heterotrophic conditions maintained a constant ΔpCO2bio. Gray et al.
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(2012) found that respiration and dissolution are dominant at a nearby reef (north of Enrique) from
summer to fall. Note that the lowest annual Ωarag and pH values were observed during the same
time of the year (Chapter 1). The AOU decreased from November to December, and ΔpCO2bio
values increased, suggesting an increase in calcification or a decrease in dissolution. During
autotrophic conditions, we hypothesize that calcification keeps ΔpCO2bio relatively constant. Low
biological productivity (and high respiration) caused the Enrique forereef to serve as a net source
of CO2 to the atmosphere year-round.

Figure 2.2: Seasonal biological (ΔpCO2bio, green line) and thermal (ΔpCO2temp, red line) effects
on observed ΔpCO2sea-air (ΔpCO2obs, gray line) for CR (a) and LP (b). The apparent oxygen
utilization (AOU) is represented with a black line on the second axis.

At CR, heterotrophic conditions were observed from June to mid-September; ΔpCO2bio
was below zero, suggesting dissolution or a decrease in calcification. From mid-September to the
end of May, the AOU systematically decreased and pCO2 air-sea gradient increased suggested
calcification, which produced a transition from a net sink to a net source of CO2 to the atmosphere.
It is reasonable to consider that respiration and dissolution co-occur or that they are closely related
in this work based on prior work described elsewhere (Gattuso et al., 1999) and in the Florida Keys
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at seasonal (Muehllehner et al., 2016) and diurnal (Turk et al., 2015) time scales. For example,
Muehllehner et al. (2016) showed that photosynthesis and calcification dominate in April, May,
and August and respiration and dissolution dominate in October and December.

Figure 2.3: Schematic illustration of the seasonal organic carbon cycle (AOU, orange line) and
inorganic plus organic carbon based on changes in the gradient of pCO2 by biological processes
(ΔpCO2bio, black line) at CR and LP stations.

2.3.3. Seasonal hysteresis between the carbonate chemistry and biological activity
The response lag in the water column chemistry, as either a driver or a reflection of reef
metabolism, can contribute to the seasonal hysteresis (Cyronak et al., 2013; Jokiel et al., 2014;
McMahon et al., 2013; Shamberger et al., 2011). However, separating biogeochemical processes
from water column measurements is difficult because the reef and water column processes are not
mutually exclusive, resulting in a dynamic interaction (Andersson & Gledhill, 2013). While
several studies have shown the presence of hysteresis at diurnal time scales, seasonal hysteresis
that link biological processes to environmental conditions remains elusive, partially because of the
lack of high-frequency and long-term measurements in nearshore areas. We described the seasonal
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hysteresis between metabolic processes and seawater chemistry (temperature and Ωarag) using two
biological indices (npCO2sw and AOU).
The feedback between biological processes and the reef seawater chemistry shows an
elliptic relation at both stations (Figs. 2.4 and 2.5). Figure 2.4 shows the CR and LP npCO2sw
seasonal results plotted versus the in situ temperature and are colored by the Ωarag seasonal values.
Figure 2.4 shows that the difference in the magnitude of hysteresis between both locations is large
because of the seasonal temperature variations and the effects of biological processes on pCO2sw
and seawater carbonate chemistry. Interestingly, the magnitude of the AOU (horizontal component
or broader aspect of the ellipsoid) is similar at both sites (Fig. 2.5). The seasonal strength (shape
or magnitude) of the hysteresis is linked to the effect of benthic metabolism on the water chemistry
(Jokiel et al., 2014). Several hypotheses for the mechanisms of the observed seasonal hysteresis
between seawater carbonate chemistry and biological metabolism include seasonal changes in
benthic communities (e.g., seagrasses, corals), environmental switches (e.g., nutrients and carbon
availability), and stressful abiotic conditions (e.g., temperature and pH). Changes in ecosystem
processes at seasonal time scales, including coral-algal competition and even hurricanes and
bleaching, can also produce significant alterations in the ecosystem and different hysteresis loops
(Knowlton, 1992; Petraitis & Hoffman, 2010).
At CR, the results show that lower npCO2sw (greater than the seasonal mean pCO2air) values
are from winter to early summer, with higher temperatures (less than the seasonal mean
temperature) from spring to August (Fig. 2.4). During spring, the npCO2sw values decreased to 250
μatm (sink conditions), and Ωarag was at the highest values, ranging from 3.8 to 4 (Figs. 2.4 and
2.5). These low npCO2sw conditions support the observations of Manzello et al. (2012), where
uptake of CO2 by the spring seagrass and macroalgae bloom increases biological production and
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significantly increases Ωarag at time scales longer than diurnal. Consistent with the Coral Reef
Ecosystem Feedback hypothesis (CREF, Bates et al., 2009), an increase in net productivity
stimulates increasing Ωarag by reducing [H+] and CO2. During late summer and fall, the npCO2sw
increased above the atmospheric annual mean of 400 μatm to >600 μatm and the Ωarag ranged from
3.5 to 3.7 (Figs. 2.4 and 2.5). Net heterotrophic and lower Ωarag conditions can be linked to an
increase in respiration during a postbloom by the same primary producers upstream of CR and by
heterotrophs within both the water column and benthos. The unidirectional southward water
current observed in this study (Fig. 1.11) supports the hypothesis that the outflow from upstream
waters affects water chemistry downstream.

Figure 2.4: Seasonal hysteresis of temperature-normalized pCO2sw (npCO2sw; μatm) relative to in
situ temperature (°C) and colored by Ωarag for CR (a) and LP(b). Panel (c) shows a magnified view
of LP. The square (fall), diamond (summer), start (winter), and circle (spring) symbols represent
the different seasons. The seasonal means of SST and pCO2air (400 μatm) are denoted by the gray
dashed lines.
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Figure 2.5: Temperature-normalized pCO2sw (npCO2sw; μatm) and the apparent oxygen utilization
(AOU; μmol kg-1) for CR(a) and LP(b), where the pink (spring), green (summer), orange (fall),
and blue (winter) colors represent the different seasons. Panel (c) shows a magnified view of LP.
The pCO2air mean of 400 μatm is denoted by the horizontal gray dashed line. AOU values greater
than zero (vertical gray dashed line) denote heterotrophic (respiration>photosynthesis) and less
than zero autotrophic (respiration<photosynthesis) conditions.

At LP, the hysteresis between seawater chemistry and biological activity was muted
relative to that at CR (Figs. 2.4 and 2.5). The results at LP showed year-round high npCO2sw values
with no seasonal shifts. The seasonal npCO2sw versus temperature relationship follows an ellipsoid
with higher Ωarag at lower npCO2sw values (Fig. 2.4). The increase in respiration (Fig. 2.5) decreases
pH and the salinity-driven decreases in [CO32-] and [Ca2+] drive down Ωarag during the fall (Moyer
et al., 2012; Gledhill et al., 2010; Gray et al., 2012). Moyer et al. (2012) found that the reef’s ability
to modify water chemistry is low at LP because 1) the benthic community dominated by soft corals
continued to increase despite the decrease in Ωarag, 2) no significant primary producers (i.e.,
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seagrass beds) are found upstream, and 3) the absence of fast-growing branching corals (i.e.,
Acropora sp.) and low live coral cover (<10%). Although reef metabolism may not be a significant
factor in changing seawater carbonate chemistry at LP, we observed that high Ωarag and low
npCO2sw correspond to autotrophic conditions (Figs. 2.4 and 2.5).
The seasonal feedback between benthic metabolism and seawater carbonate chemistry at
LP is weakened relative to that at CR and other Atlantic high latitude reefs (Bates et al., 2009),
which shows that autotrophic conditions in early summer increase Ωarag and coral calcification.
We hypothesize that Ωarag is suppressed from spring to fall because of substantial contributions
from organic matter respiration attributed to mangrove-derived organic matter inputs as well as by
allochthonous carbon sources (e.g., Yeakel et al., 2015). Although calcification was not measured
in this study, we hypothesize that summer net calcification in the shelf platform reduces the open
ocean source water TA significantly as indicated by the discrete nTA measurements (Fig. 1.16).
Therefore, upstream communities could decrease Ωarag and make calcification more energetically
demanding in the mid-shelf and inshore reefs. We hypothesize that longer residence times and
shallowness at this site could favor enhanced chemical signal (e.g., pCO2sw) from dark respiration
and calcification (Anthony et al., 2011; Takeshita, 2017; Takeshita et al., 2018). Long-residence
times can also increase the accumulation of TA flux from the dissolution of carbonate sediments
and the coral framework. Still, because the TA model is derived from salinity and temperature, it
cannot adequately capture alkalinity variations from calcification and dissolution.
2.4 Conclusions
We found dissimilar effects of temperature and biology on carbonate chemistry at the two
locations whereby the seasonal cycle at CR was amplified relative to LP. Temperature effects on
pCO2sw at CR were largely counteracted by biological productivity, while at LP carbonate
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chemistry dynamics were driven primarily by thermodynamics. We found evidence suggesting
that from late summer to fall, respiration and dissolution are likely the dominant biogeochemical
processes at both locations. During the same time in the annual cycle, increases in DIC from
respiration and a decrease in salinity from regional freshwater sources (at LP) decrease Ωarag
despite the temperature effect on mineral solubility at both places. We observed that autotrophic
conditions from winter to early spring could provide favorable conditions for calcification by
increasing Ωarag while substantial contributions from organic carbon respiration can make
calcification more energetically demanding during the fall. Uncertainties exist in the coastal
organic matter inputs from local (from seagrasses or mangroves) and remote sources, particularly
the regional freshwater sources impinging in the eastern Caribbean during fall. The effects of
community production on pCO2sw make these interactions complex at short- and long-term scales.
The seasonal response between benthic metabolism and seawater chemistry at LP is attenuated
relative to that at CR because their differences in benthic cover and how benthic metabolism
modifies the water chemistry at this location.
The discrete nTA and nDIC dynamics show that while calcification is an important process
throughout much of the year at LP (summer at CR), respiration, particularly in late summer and
fall, appears to be an important source of additional CO2 to the systems. At LP, calcification from
the outer shelf communities and inputs of organic matter from mangroves likely reduce Ωarag and
increase the susceptibility of inshore reefs to OA effects. However, changes in discrete nTA and
nDIC reflect biological activity that has been integrated over multiple days at the shelf scale (>10
km), while the buoy measures pCO2sw dynamics on diel timescales by the communities upstream
of the buoy (<5 km). Careful consideration should be taken when inferring local biogeochemical
processes, given that pCO2sw (and presumably pH) respond on much shorter time and local scales
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than DIC and TA at these locations. Our observations highlight the need for more comprehensive
observing systems that can reliably measure both the fast-response (pCO2sw, pH) and slowresponse (DIC) carbon pools.
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CHAPTER 3
SEASONAL NET ECOSYSTEM METABOLISM USING A MASS BALANCE
APPROACH TO DECOUPLE ORGANIC AND INORGANIC CARBON
3.1 Introduction
Physical, chemical, and biological processes that influence the surface ocean concentration
of CO2 in nearshore areas complicate our understanding of the carbonate system (Duarte et al.,
2013). Regional models (Gledhill et al., 2008) have helped characterize OA trends in open-ocean
waters and have informed the debate about future OA conditions in coral reef areas. Nevertheless,
current and future trends in OA are still unknown because of the difficulty associated with
quantifying biogeochemical processes in nearshore areas.
Direct observations at coral reef sites in the western Atlantic show significant changes in
the coastal surface seawater carbonate chemistry relative to the global open ocean because of
enhanced biological and temperature dynamics near the coast (Bates et al., 2001; Sutton et al.,
2015). It is critical to examine areas where substantial changes in carbonate chemistry are expected
to occur (Gledhill et al. 2008; Chollett et al., 2012; Andersson et al., 2019), especially those that
are readily accessible or have on-going related monitoring programs (Sutton et al., 2014, 2017).
Coral reef areas in the western Atlantic, where surface waters are likely to be affected by OA and
to warm sooner and more intensely than other reef regions, have experienced significant reductions
in live coral cover, causing a shift from reefs dominated by scleractinian corals to algae-dominated
reefs (McClanahan et al., 2002; Gardner et al., 2003). Characterization of the ecosystem metabolic
response is essential if we are to understand the sensitivity of coral reefs to OA.
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Biological processes driving CO2 changes on diurnal and seasonal time scales include net
ecosystem production (NEP) and net ecosystem calcification (NEC) from all autotrophic,
heterotrophic, biotic, and abiotic components of the system. NEP is the difference between gross
primary production and ecosystem respiration, and NEC is the difference between calcification
and dissolution, as described in the following simplified equations (Gattuso et al., 1998):
CO2 + H2O

1⎯⎯⎯⎯⎯⎯⎯⎯⎯3

photosynthesis

4⎯⎯⎯⎯⎯⎯⎯⎯⎯5
respiration

Ca2+ +CO32-

CH2O + O2

1⎯⎯⎯⎯⎯⎯⎯3
calcification
4⎯⎯⎯⎯⎯⎯⎯⎯5
disolution

CaCO3

Calcification and organic respiration lead to increases in seawater partial pressure of CO2
(pCO2sw) and dissolved inorganic carbon (DIC) that can potentially reduce both the ocean pH and
the ocean’s ability to remove CO2 from the atmosphere (Zeebe and Wolf-Gladrow, 2001). The
uptake of DIC via photosynthesis and the increase in total alkalinity (TA) via CaCO3 dissolution
both lower the surface pCO2sw concentration and increase the ocean’s buffer capacity. These
factors can potentially alleviate the changes in the seawater pH and carbonate saturation state (Ω)
in nearshore areas (Manzello et al., 2012).
Several methods are commonly used to measure NEP and NEC processes in nearshore
surface waters. For example, net calcification and production measurements typically adopt
various Lagrangian or Eulerian techniques requiring high-temporal-resolution, discrete TA and
DIC measurements in seawater (Gattuso et al., 1996; Albright et al., 2015; Silverman et al., 2007).
Recently, in situ autonomous methods have been proposed that offer great promise but currently
remain cost-prohibitive and have a limited operating duration of a few weeks, at most, due to
biofouling and sensor drift (Yates et al., 1999; Falter et al., 2008; Takeshita et al., 2016). Modeling
NEP and NEC processes using a perturbation approach has proven successful in surface openocean settings (Gruber et al., 1998; Shadwick et al., 2011; Fassbender et al., 2016). The adoption
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of this technique has been limited in coastal zones partially because of the limited number of direct
high-frequency observations available in these areas to quantitatively separate all processes
affecting CO2 and capture the fast time scales of coastal processes.
In this chapter, an existing mass balance approach for CO2 (Gruber et al., 1998) is
implemented, refined, and expanded to decouple organic and inorganic metabolism (NEP and
NEC) using pCO2, DIC, and O2 as proxies. We apply this diagnostic technique to a onedimensional (1-D) mass balance model using climate quality (Newton et al., 2015) and highfrequency (3-hour) carbonate observations spanning 8-10 years from two shallow nearshore reef
areas in Florida and Puerto Rico. The model assumes an open system and well-mixed water column
to provide an integrated assessment of biogeochemical variability over time within a water parcel
close to the buoy. For example, the spatiotemporal coverage of the autonomous pCO2 and oxygen
measurements allows us to constrain the processes affecting surface water chemistry near (<5 km)
the reef (see Chapter 1). It is important to note that our metabolic estimates integrate over extended
periods (months to years) and are representative of multiple habitats. We consider other physical
processes affecting the pCO2 and DIC (i.e., solubility, mixing, and air-sea exchange). We
characterize the model errors and report the uncertainties associated with the use of a constant
stoichiometric ratio (i.e., O2:C) to calculate daily and seasonal NEP and NEC rates. Finally, we
compare and contrast our results with previous studies in Florida and Puerto Rico.
For reference see: Chapter 1 and 2
3.2 Methods
3.2.1 Benthic composition
Benthic calcifiers in the Enrique forereef (Table 3.1) include octocorals (26%), stony corals
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(10-11%), and crustose coralline algae (CCA, 1%). No secondary (coralline algae or other
calcareous encrusters) or sediment (calcareous algae such as Halimeda or benthic foraminifera)
producers were found during multiple visual surveys (Moyer et al., 2012; Manzello et al. 2017).
The percentage covered by benthic primary producers (e.g., cyanobacteria, macroalgae, and turf
algae) is 17%. Carbonate sand, rubble, and rock (35%) are the dominant abiotic components in
this area. Rhizophora mangle and Laguncularia racemose mangroves have colonized the Enrique
reef crest.
The benthic communities north of the CR buoy include hardbottom areas with fine-grained
CaCO3 sediments, some isolated hard and soft corals, and seagrass (Fig. 3.1). Surveys at the CR
buoy site show that macroalgae (46.6%) and hard coral (25.5 - 33%) dominate the benthic
composition, followed by 6.5% sand, 6.1% secondary carbonate producers, and 1-3% soft corals
(Gintert et al. 2018; Manzello et al., 2018). The tidal exchanges can also send pulses of Florida
Bay water into inner reef areas through different tidal channels, particularly during the winter
(Smith and Lee, 2003). The bay consists primarily of shallow (<8 m) seagrass and sand
environments, with occasional, isolated patch reefs intermixed (Jones, 1977).

Table 3.1: Mean benthic composition at the LP and CR buoy sites determined using belt transect
surveys. The % cover at LP was determined in August 2015, while the % cover at CR represents
the average of three surveys conducted in July 2013 and 2014 and March 2015.
LP
Community
Hard Coral
Secondary Carbonate Producers
Sediment Producers
Soft Coral
Macroalgae and Turf
Sand, Rubble, and Rock
Others

% Cover
11.6
0.0
0.0
25.9
17.1
35.0
11.0
62

CR
SD
9.0
0.0
0.0
4.9
5.6
13.5
1.5

% Cover
30.5
6.1
7.3
1.9
46.6
6.5
4.0

SD
12.3
6.3
4.7
1.7
8.2
6.6
2.8

3.2.2 Numerical approach: Diagnostic mass budget model
For a complete description of the autonomous and discrete observations and the computed
and discrete carbonate uncertainties, refer to Chapter 1. We removed high-frequency events, lowamplitude trends and episodic events before calculating daily averages using a 33-hour low-pass
filter (Flagg et al., 1976). High-frequency variability affected the seasonal pCO2sw amplitude by
4.5% at CR and 0.1% at LP. Average daily observations were used to construct the annual
climatology of the autonomous (SSS, SST, pCO2sw, and O2) and derived products (TA, DIC). The
composite year was constructed by binning the data within the representative Julian day. The
seasonal variability was computed using the peak-to-peak amplitude and compiled into four
distinct seasons: winter (January–March), spring (April–June), summer (July–September), and fall
(October–December).
The autonomous measurements made by the MAX-250+ O2 were post calibrated using the
slope and offset of the linear correlation with the O2 optode measurements to derive daily NEP
rates (see Meléndez et al., 2020 for details). The final uncertainties in the corrected MAX-250+
O2 values were ± 6 and ± 7 μmol kg-1 for LP and CR, respectively. Details about the postcalibration
are described in Chapter 1, and the limitations of our MAX-250+ O2 approach are described in
Section 3.3.3.
To constrain the variability in air-sea exchange, mixing, and biological activity, we
assumed an open system (Sarmiento and Gruber, 2006) and calculated the daily changes in the
initial observed values of in situ pCO2sw and modeled TA and then constructed the annual
climatologies. We derived the TA from salinity and temperature for each site using discrete
measurements (equations 1.1 and 1.2). The carbonic acid system was derived and manipulated
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using the CO2SYS computer software program (van Heuven et al., 2011). We applied the K1 and
K2 dissociation constants of Lueker et al. (2000) and KHSO4- from Dickson (1990).
A 1-D carbon mass balance model (Gruber et al., 1998; Shadwick et al., 2011; Fassbender
et al., 2016) was used to calculate the net change in surface pCO2sw (δpCO2OBS) based on the daily
(∂t) partial changes (∂) in pCO2 due to gas solubility as a function of temperature and salinity
(SOL), air-sea exchange (AIR-SEA EX), mixing processes (HOR MIX), and biology (BIO).
Figure 3.1 shows a schematic diagram of the open carbon box model and the processes assumed
to affect NEP and NEC over time within a mixed water parcel close to the buoy. The following
equation describes the mass balance of δpCO2OBS:

pCO2OBS
dt

=

∂pCO2 SOL
∂t

+

∂pCO2

AIR-SEA EX

∂t

+

∂pCO2

HOR MIX

∂t

+

∂pCO2

BIO

∂t

(3.1)

Thermodynamic variability
The CO2SYS program was used to calculate ∂pCO2SOL using observed daily changes in
temperature and salinity. We preferred this method over the temperature-only dependence
coefficient (0.0423°C-1) by Takahashi et al. (1993) because both temperature and salinity create
thermodynamic variability in this region, and the temperature distributions are very different from
those in the North Atlantic waters on which this dependence was derived.
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Figure 3.1: Schematic diagram of the open CO2 system box model. The net change in surface
pCO2sw is based on ∂pCO2 due to gas solubility (SOL), air-sea exchange (AIR-SEA EX), mixing
processes (HOR MIX), and biological activity (BIO) from the benthos and water column system
components. ∂t is the change between t1 and t2. The fluxes are normalized to square meters of the
seafloor and integrated through the mixed layer depth (3 m).

Physical transport
The variation attributable to horizontal transport via advection (∂pCO2HOR

MIX)

was

characterized empirically using daily salinity changes with assumed conservative mixing of the
TA and DIC between the reef and open ocean (Xue et al., 2016). Note that the freshwater
contributions from the Amazon river to both the North and South Atlantic oceans do not appear to
be sufficient to alter the slope of TA‐salinity relationship (Cai et al., 2010). Therefore, we did not
explicitly consider the slope-discharge relationships because according to the linear DIC- and TAsalinity relationships at these sites, the ocean slopes are minimally affected by freshwater inputs
and follow the end‐member mixing line. The ocean end-member was determined from discrete TA
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and DIC samples obtained on seasonal cruises (details in Chapter 1, Section 1.2.6) around the
Caribbean and Atlantic regions as follows:

TACaribbean (± 5) = 58.8 × SSS + 242

(3.2)

DICCaribbean (± 12) = 55.8 × SSS + 1.84

(3.3)

TAFlorida Straits (± 3) = 83.8 × SSS - 660

(3.4)

DICFlorida Straits (± 6) = 77.1 × SSS - 771

(3.5)

where ± is the root mean square error (RMSE) of the derived quantity. The slopes of the TAsalinity relationship estimated here were similar to the results of Cai et al. (2010) for the Caribbean
and Straits of Florida. However, a discrepancy was found for the TA-salinity intercept of the
Florida Straits. We used discrete TA and DIC measurements from the third Gulf of Mexico
Ecosystems and Carbon Cycle (GOMECC-3) cruise along the new 80.6°W transect between Cuba
and Florida (Barbero et al., 2019), while Cai et al. (2010) used only the line between Florida and
Little Bahama Bank. The former was preferred because the line covered the region closer to the
buoy in the southern Florida Straits, potentially capturing Gulf Stream water that flows northward
before passing to the CR buoy. Strong linear correlations between Sal-TA and Sal-DIC were
observed (r2 >0.95), supporting the assumption of conservative mixing mechanisms between
freshwater and seawater end‐members in these regions (Fig. 3.2). Measurements were taken in
August 2017, and those taken at <50 m depth were selected on the basis of the Brunt-Väisälä
frequency.
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Figure 3.2: The TA and DIC to salinity relationship for the Caribbean Sea and Florida Straits
(transect between Florida and Cuba) were determined from in situ bottle TA and DIC samples
obtained from seasonal cruises around the Caribbean and Atlantic Regions.

Changes due to vertical mixing were neglected, and the mixed layer was assumed to extend
to the bottom given the small variations in salinity and temperature observed from CTD casts
performed for the in situ geochemical surveys, as well as the shallowness of the sites. In addition,
three Onset HOBO® tidbit temperature loggers were deployed one year long from January through
December 2015 at different depths along the LP buoy assembly, showing no thermal stratification
in the area. The mean Brunt–Väisälä frequency was 1.1 x 10-4 with no significant changes (p-value
<0.001) in density between the surface and bottom measurements. The seasonal change in salinity
due to the mean potential evapotranspiration to precipitation rate was assumed to be small (<0.1%)
and hence neglected. The semidiurnal tides at LP and CR exhibited amplitudes of approximately
10-20 cm s-1 and oscillated about the mean tidal range (<0.25 m) of the low-frequency spectrum.
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The contributions from short-term advection to salinity variability were assumed to be small at
both sites and were eliminated using a low-pass filter and daily averages.
Air-sea exchange
The air-sea CO2 exchange (∂pCO2AIR-SEA EX) perturbation is related to DIC changes and airsea CO2 flux (FCO2). The DICAIR-SEA EX (μmol kg-1 day-1) is estimated via the change in the water
column DIC inventory as follows:

DICAIR-SEA EX =

k× s ×/pCO2sw - pCO2air 0

(3.6)

hr

where pCO2sw - pCO2air is the difference in atmospheric and seawater pCO2 calculated from the
buoy measurements, s (mol kg−1 atm-1) is the solubility of CO2 per unit volume of seawater (Weiss,
1974), k (m s-1) is the transfer velocity as a function of wind speed at 10 m above mean sea level,
h is the water column depth (m), and ρ is the seawater density (kg m-3). The transfer velocity-wind
speed relationship used was described by Wanninkhof (2014). The net O2 air-sea flux (FO2) was
calculated similarly to FCO2, where [O2sat] is the oxygen concentration corresponding to 100%
saturation (Garcia and Gordon, 1992) and [O2obs] is the observed surface seawater O2
concentration:

FO2 = k × 7[O2obs ] - [O

2sat

]8 - Fbub

(3.7)

FO2 was corrected for bubble flux (Fbub) injection and bubble flux exchange (Nicholson et
al., 2011; Manning and Nicholson, 2016) due to the lower solubility and equilibration time of O2
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than of CO2 (Keeling, 1993). The injection of bubbles represents <2% of the total O2 flux variation
at the sites and hence is ignored. Since O2 is much less soluble than CO2, the same conclusion can
be drawn for CO2. We assumed that O2 horizontal advection gradients are small relative to
biological gradients and rapid air-sea exchange (Emerson et al., 1995). As a convention in this
paper, positive O2 and CO2 fluxes represent transfers from the ocean to the atmosphere.
Biology
The biological processes affecting pCO2sw (∂pCO2BIO) were estimated as the residual of the
remainder of the other terms in the mass conservation equation (Eq. 3.1) to close the system. The
Revelle factor (β, ∂ln pCO2sw /∂ln DIC) was used to convert changes in ∂pCO2BIO to changes in
DIC (∂DICBIO) using the relation between pCO2sw and DIC as defined by Revelle and Suess (1957).
Discrete pH and TA measurements were used to calculate the discrete bottle pCO2sw, DIC, and β
values. We used CO2SYS and applied the same dissociation constants used for the autonomous
measurements. The partial change in DIC due to pCO2sw (DIC/pCO2sw x β, µmol kg-1 μatm-1) was
linearly related to temperature (Fig. 3.3). The ∂pCO2BIO was converted to ∂DICBIO (µmol kg-1)
according to the following relationship:

∂DICBIO
∂t
∂DICBIO
∂t

LP (± 1) = 102 x SST - 2.1

(3.8)

CR (± 4)= 88.7 x SST - 1.6

(3.9)

where ± is the RMSE of the derived quantity.
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In this study, the ∂DICBIO was assumed to come from the combined effects of organic
matter formation and remineralization together with calcium carbonate precipitation and
dissolution:
∂DICBIO
∂t

=

∂DICNEP
∂t

+

∂DIC NEC

(3.10)

∂t

Figure 3.3: Linear relationship between the fractional DIC (μmol kg-1) and pCO2sw (μatm-1) to
Revelle Factor (β) and SST (oC) for LP (a) and CR (b).

Net ecosystem production (NEP) and net ecosystem calcification (NEC) rates
The net daily change in O2 due to organic production (∂O2NEP) is defined as follows:

∂O2NEP
∂t

=

∂O2OBS
∂t

-

∂O2GAS

(3.11)

∂t

where ∂O2OBS is the observed daily change in the oxygen concentration (O2OBS, mmol m-3) and
∂O2GAS (mmol m-2 day-1) is the O2 change due to FO2. The changes in ∂O2NEP were converted to
DIC changes (∂DICNEP) using the stoichiometric metabolic quotient (Q) typically assumed (Odum
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and Odum, 1955; McGillis et al., 2011; Takeshita et al., 2016) for coral reef ecosystems (Q = 1);
i.e., for each O2 molecule consumed, a carbon (CO2) molecule is produced. Details about Q are
described in section 3.3.3.
NEC is estimated as follows:

∂DICNEC
∂t

=

∂DICBIO
∂t

-

∂DICNEP

(3.12)

∂t

Throughout the rest of this paper, we use the terms net autotrophy or net calcification to refer to
values of NEP (production-respiration) or NEC (calcification-dissolution) that are greater than
zero; similarly, we use the terms net heterotrophy and net dissolution to refer to values of NEP or
NEC that are less than zero.
3.2.3 Uncertainty assessment
Model errors for the pCO2sw and DIC mass budget variables, as well as the NEP and NEC,
were estimated using Monte Carlo simulations. Prior to the Monte Carlo simulations, a
Kolmogorov-Smirnov test was performed on each of the model variables to verify that the data
were normally distributed. Random normal distributions of each variable were generated using the
MATLAB function randn (MATLAB 2019a, MathWorks, Natick MA). Sampling was repeated
1,000 times to establish the final uncertainty, mean, and standard deviation for each simulation.
The final uncertainty analyses included accumulated instrumental, sampling, and analysis
uncertainties, as well as uncertainties in the modeled TA and derived DIC (Table 3.2). The NEC
uncertainties included uncertainties from partial changes in the pCO2sw (Eq. 3.1) and NEP. The
uncertainty in the gas exchange coefficient was estimated to be 30% (Wanninkhof, 2014).
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Table 3.2: Model uncertainties. TA and DIC ocean refer to the ocean end-member (equations 3.23.5) and the TA and DIC reef to the derived for LP and CR (equations 1.1 - 1.2).
Model outputs
LP
CR
-1
TAreef (µmol kg )
± 30
± 47
TAocean (µmol kg-1)
±5
±6
-1
DICocean (µmol kg )
± 13
±9
DICreef (µmol kg-1)
± 24
± 38
∂pCO2OBS (µatm)
± 0.1
± 0.6
∂pCO2SOL(µatm)
± 0.1
± 0.2
∂pCO2HOR MIX (µatm)
±1
± 0.7
∂pCO2BIO (µatm)
±1
± 0.9
∂DICAIR-SEA EX (µmol kg-1)
± 0.7
± 0.14
CO2 Flux (mmol m-2 day-1)
± 0.4
± 0.3
O2 Flux (mmol m-2 day-1)
±4
± 2.3
-2
-1
NEP (mmol C m day )
±7
±4
NEC (mmol CaCO3 m-2 day-1)
± 8.5
± 7.2
1
modeled output as f(salinity, temperature)
2
carbonate derivate parameters f(pCO2sw and TAreef)

Method
Root Mean Square Error1
Root Mean Square Error1
Root Mean Square Error1
Orr et al. 20182
Monte Carlo
Monte Carlo
Monte Carlo
Monte Carlo
Monte Carlo
Monte Carlo
Monte Carlo
Monte Carlo
Monte Carlo

3.3 Results
3.3.1 Seasonal physical and biological drivers of pCO2sw
The results from the 1-D mass balance model showed that the seasonal amplitudes in
∂pCO2OBS were less pronounced at LP (25 μatm) than at CR (100 μatm) because of latitudinal
differences in temperature as well as differences in biological composition between the sites (Fig.
3). At CR, the biological activity was the largest contributor to the observed pCO2sw variability,
with counteracting effects of solubility (temperature and salinity) and physical transport (air-sea
CO2 gas exchange and horizontal mixing). ∂pCO2BIO at CR varied seasonally by 138 μatm, with a
maximum of 75 μatm in November and a minimum of -63 μatm in April. The values of ∂pCO2SOL
at CR ranged from -13 in January to +42 μatm in August (Fig. 3.4). The annual range of ∂pCO2AIR-
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SEA EX was

from -13 in the winter to +4 μatm in the fall; this translated to a decreased water column

DIC of approximately 10 μmol kg-1 during the fall. ∂pCO2HOR MIX ranged from -4 to 2 μatm
throughout the year, with no significant seasonal change (t-test, p-value <0.001).
At LP, ∂pCO2SOL ranged from -2 to 18 μatm, similar to the range of ∂pCO2OBS (Fig. 3.4).
The solubility and biological effects on pCO2sw were similar to those typically observed in the
Caribbean region (Wanninkhof et al., 2019). However, at LP, the biological counteracting effects
were smaller relative to those at CR (Fig. 3.5). ∂pCO2BIO varied from -4 μatm in March to 7 μatm
in November. ∂pCO2BIO was negative from mid-January to mid-June and positive from July to
December at LP. ∂pCO2HOR MIX and ∂pCO2AIR-SEA EX showed no significant seasonal changes, and
we found the contributions of both to be negligible (<1 μatm) throughout the year.
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Figure 3.4: Cumulative seasonal changes in surface pCO2sw (δpCO2sw; μatm) are based on
contributions from solubility, physical transport, and biological processes for CR (a) and LP (b).
The daily average and model uncertainties (Table 3.2) in the composite year are represented with
solid lines and shaded bounds, respectively. Observations and model results are shown in each
panel as observed pCO2 values (OBS; red), effects of temperature and salinity variability (SOL;
blue), effects of horizontal mixing (HOR MIX; green), effects of air-sea exchange (AIR-SEA EX;
purple) and effects of biological activity (BIO; black).
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Figure 3.5: Cumulative seasonal change in surface pCO2sw (δpCO2sw; μatm) based on
contributions from solubility and biological processes for CR (a) and LP (b).

3.3.2 Annual and seasonal net ecosystem metabolism rates
Our method showed several similarities between the sites. On an annual basis, both sites
were net heterotrophic and net dissolutional, with occasional periods of net calcification and net
autotrophy (Fig. 3.6). LP and CR showed similar (t-test, p-value = 0.81) annual rates of NEP and
NEC. The magnitude and direction of the daily NEP and NEC rates were also similar at both
stations (Fig. 3.6). The annual cycles of NEP and NEC at both sites indicates that most of the net
organic carbon fixation and calcification occurred from December to May, with higher values from
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January to March. The rates of dissolution and respiration systematically increased from June to
October. In July and August, the NEP and NEC rates slightly increased at CR.
However, there were differences between the sites, such as the time at which each system
switched (i.e., the NEP and NEC crossed zero) from being autotrophic and calcifying to
heterotrophic and dissolutional, with LP switching earlier (spring) than CR (summer). We also
found differences in the seasonal magnitudes of the NEP and NEC between LP and CR. For
example, the seasonal amplitude of NEP was higher at LP (112 mmol C m-2 day-1) than at CR (91
mmol C m-2 day-1). The NEC seasonality was 153 mmol CaCO3 m-2 day-1 at CR but 107 mmol
CaCO3 m-2 day-1 at LP. The rates of respiration and dissolution were approximately 1.5 times
higher during the summer (July and August) at LP than at CR. However, these rates were higher
at CR from November to December. Nevertheless, the photosynthetic and calcification rates were
higher and more variable at CR on an annual basis.
The total uncertainties in the NEP and NEC calculations were 38% and 46% at LP and
34% and 60% at CR, respectively. These uncertainties are associated with the uncertainties in the
gas exchange coefficient and the TA model. The seasonal amplitudes of the NEP and NEC were
significant (t-test, p-value<0.01) despite the model uncertainties for both sites. Note that rather
than providing values for a certain date, our mass balance approach yielded a climatological
assessment of the NEP and NEC rates.
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Figure 3.6: Annual composites based on daily averages of modeled a) NEP (mmol C m-2 day-1)
and b) NEC (mmol CaCO3 m-2 day-1) rates for CR (red) and LP (black). The daily average and
model uncertainties in the composite year are represented with solid lines and shaded bounds,
respectively. NEP < 0 is representative of net heterotrophy, and NEP > 0 indicates net autotrophy.
NEC > 0 indicates net calcification, and NEC < 0 indicates net dissolution.

3.3.3 Uncertainties from Q
Recent studies have shown the potential deviations in this stoichiometry (Rosset et al.,
2017; Bolden et al., 2019). Bolden et al. (2019) empirically determined Q using three different
models over diurnal time scales at a reef system on Tetiaroa Atoll, French Polynesia, and found Q
ranged from 0.5 to 1.5. An internal analysis was performed using different values of Q, ranging
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from 0.5 to 1.5, to address potential systematic errors introduced in the metabolic calculations.
Even though the magnitude of the NEP rate varied on the basis of the stoichiometric metabolic
quotient, the seasonal and annual trends did not change (Fig. 3.7). We assumed the systematic
error from the choice of the metabolic quotient to be negligible compared to the large natural
variability at these sites.
Results show that Q can vary from hourly to daily time scales due to missing O2 and carbon
fluxes from bubbles, air-sea exchange, mixing, sediment denitrification, and if organic carbon
production is coupled to significant uptake in either NO3- or NH4+. The concentrations of dissolved
inorganic nutrients, based on nitrate and phosphate (< 0.03 µM) for both study sites, suggest that
the impact of skewed stoichiometry ratios is less pronounced. Note that over more extended
periods (months to years), ecosystem metabolism may be less sensitive to higher frequency
variations in Q, but more studies at the ecosystem level are needed. The simulation results show
that the annual NEP at LP ranged from 5.4 (Q = 0.8) to 10.1 (Q = 1.5) mol m-2 year-1, corresponding
to 20% and 50% error from the average 6.8 mol m-2 year-1 at Q = 1. In this approach, the systematic
errors introduced by the choice of Q are propagated to our NEC estimates.
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Figure 3.7: Seasonal NEP simulation with different ecosystem productivity quotients (Q) for CR
(a) and LP (b).

3.3.4 Limitations
This single well-mixed box model provides a simple approach to characterize the seasonal
biogeochemical cycles in nearshore areas using daily changes in pCO2sw and oxygen. The approach
provides a comprehensive understanding of the ecosystem, but there are modeling caveats and
sampling limitations that should be considered. This method builds upon reliable and robust
oxygen measurements. Based on the present results, the MAX-250+ sensor reproduced diurnal
and seasonal changes that can be used, in combination with Aanderaa oxygen optode
measurements, to estimate NEP rates. We applied a postcalibration to correct for potential errors
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from an apparent ‘lag’ in the MAX-250+ sensor response to rapid changes in oxygen, indicating
that more time is necessary for the oxygen to equilibrate with the surrounding water. Modifications
to the MapCO2 buoys could address this limitation.
The model was rerun using oxygen data from an optode sensor to demonstrate the robust
quality of our NEP rates using the postcorrected MAX-250+ oxygen measurements (Fig. 3.8). The
% differences between the MAX-250+ and optode from the mean NEP rates (Fig. 3.8) were 5%
(CR) and 19% (LP). The differences between the optode and the MAX-250+ oxygen
measurements became larger at the end of the buoy deployments, which were usually during the
fall (LP) and spring (CR). The observed NEP differences between the two sensors and the
subsequent effects on the NEC were not statistically significant (t-test, p-value<0.05).
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Figure 3.8: NEP rates using the MAX-250+ oxygen (post-corrected) and Aanderaa optodes
oxygen measurements for CR (a) and LP(b). The upper panel shows the seasonal rates and the
lower panel the difference between the optode and the MAX-250+ oxygen estimates. We preferred
to use the post-corrected MAX-250+ oxygen data because: 1) there was data to cover the whole
annual cycle and 2) we validated our results with high-accuracy oxygen data (e.g., calibrated
Aanderaa optodes and YSI, Winklers). Also, the MAX-250+ is less likely to experience a
malfunction and no appreciable sensor drift was observed from biofouling (details in Chapter 1).

3.4 Discussion
3.4.1 Validation
Our results demonstrate that temporally resolved data from MapCO2 buoys can be used to
understand how metabolic processes affect carbonate chemistry. The NEC and NEP estimates
from this method were validated using chemistry-based turbulent flux and TA anomaly techniques
during short-term surveys at both locations. Metabolic rates were also recently calculated for the
Florida Keys using the alkalinity anomaly technique and residence times (Muehllehner et al.,
2016). NEP rates have been measured at LP (McGillis et al., 2011), but this work is the first attempt
to estimate NEC rates for this location. Data are also available to estimate census-based NEC
budgets (gross production – bioerosion) for both sites using coral cover and average growth rates
of hard corals. Census-based and chemistry-based measurements have been found to be in close
agreement (Courtney et al., 2016), and census-based approaches have commonly been used to
estimate CaCO3 production on coral reefs in the Atlantic and Caribbean (Perry et al., 2013).
Turbulent flux and anomaly technique
Our findings agreed with the results from two short-term surveys in 2012 and 2013 at CR
analyzed using the turbulent flux approach (Fig. 3.9) and with the monthly averaged NEC and
NEP rates and seasonalities reported by Muehllehner et al. (2016) in the same general area as CR,
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considering the different spatiotemporal scales, methods, and uncertainties reported (Fig. 3.10).
For example, Muehllehner et al. (2016) observed production/calcification during the months of
April, May, and August and respiration/dissolution in October and early December; the results
from our work showed production and calcification in the months of April and May and respiration
and dissolution in the months of October and December. Approximately 50% of the NEC rates
determined for the Florida Keys (Muehllehner et al., 2016) were above the lower limit of the range
around the average values (1 ± 0.3 kg CaCO3 m-2 year-1) calculated by Gatusso et al. (1998) for
coral reef systems. Although these rates are based on daytime metabolism, where calcification is
likely higher, the stations located north of CR showed net dissolution and heterotrophic conditions
during the sampling period.

Figure 3.9: NEC and NEP (mmol m-2 day-1) rates taken in 2012, and 2013 with the Benthic
Ecosystem and Acidification Measurement System (BEAMS) at CR by Dr. Wade McGillis
(unpublished results) and the 1-D model results.
Good agreement was obtained between the NEC model (-6.94 ± 6.74 mmol CaCO3 m-2
day-1) and NEC values estimated using the anomaly technique (-3.46 ± 2.87 mmol CaCO3 m-2 day1

) applied during a 15-hour sampling campaign near the LP buoy in March 2018 using high-

frequency (every 10 minutes) discrete TA and optode oxygen measurements (Fig. 3.11). McGillis
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et al. (2011) estimated the NEP over eight days in March 2009 at LP as -33.1 mmol C m-2 day-1
using the turbulent flux method (Coral Reef Oxygen Sensing System, CROSS) and as -46.3 mmol
C m-2 day-1 using the enclosure method (Submersible Habitat for Analyzing Reef Quality,
SHARQ). McGillis et al. (2009) also reported a two-day deployment in February and six-day
deployment in March 2009 with the CROSS, in which the NEP averaged (±standard deviation)
5.3 ± 2.5 mmol C m-2 day-1 and 8.1 ± 40.8 mmol C m-2 day-1, respectively (Fig. 3.10). The monthly
average (±standard deviation) NEP determined using the MAX-250+ O2 measurements for March
was 7.1 ± 21.1 mmol C m-2 day-1. NEP values determined using the CROSS in January, May, and
December 2009 at LP showed a similar seasonal pattern, even though these measurements were
taken over one diel cycle and may not represent the monthly conditions (Fig. 3.10). Gray et al.
(2012) observed the same seasonal increase in pCO2sw at a nearby reef during the summer and fall
months from 2007 to 2008 and suggested that net heterotrophy and dissolution were the dominant
processes during this time of the year. Gray et al. (2012) observed a decrease in normalized TA
from January to June and a TA increase in the fall at the reef relative to that in the offshore water.
This TA decrease early in the year and later TA increase were likely attributable to calcification
and dissolution, respectively.
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Figure 3.10: Monthly averages and standard deviations (shaded bounds) of modeled NEP (a, b;
mmol C m-2 day-1) and NEC (c, d; mmol CaCO3 m-2 day-1) rates for CR (b, d) and LP (a, c). The
error bar squares are the monthly mean and standard deviation of in situ NEC or NEP
measurements taken at LP and CR using different approaches, including the turbulent flux (red)
and the anomaly (green) techniques. The turbulent flux measurements were taken in 2009 and
2013 at LP and CR, respectively. The turbulent flux NEP at LP was measured from February and
March 2009 (McGillis et al., 2009). The turbulent flux and enclosure NEP averages reported by
McGillis et al. (2011) at LP are not shown, but those values fall within the standard deviation of
March (panel a). The anomaly technique estimates at LP are based on a 15-hour survey in March
2018 using continuous measurements of TA. The anomaly technique estimates at CR are from
Muehllehner et al. (2016). NEP < 0 is representative of net heterotrophy, and NEP > 0 indicates
net autotrophy. NEC > 0 indicates net calcification, and NEC < 0 indicates net dissolution. A
stoichiometric quotient of 1 was assumed to convert oxygen rates to carbon units.
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Figure 3.11: NEC and NEP (mmol m-2 day-1) performed during a 15-hour sampling near the LP
buoy on March 2-3, 2018 using high-frequency (every 10 minutes) discrete TA (Contros
HydroFIA™), pCO2, and optode measurements. The gray color represents the NEC calculated
using the 1-D model, the red color represents the NEC calculated from the discrete measurements
using the TA-anomaly technique (2:1 TA to DIC ratio), and the blue color represents the NEP
from an Aanderaa Optode sensor. Positive values are calcification and photosynthesis and negative
are dissolution and respiration.

Carbonate budget and census-based technique
Our results also agreed with the low-carbonate budgets (i.e., net accumulation of CaCO3)
found for Florida and the Greater Antilles using the census approach (Perry et al., 2018). The mean
(±standard deviation) net CaCO3 production (gross production - bioerosion) was +1.03 ± 1.26 kg
CaCO3 m-2 year-1 at LP and +2.89 ± 0.87 kg CaCO3 m-2 year-1 at CR (details are described below).
These are conservative estimates, as sediment dissolution rates from sand, rubble and rock, which
could represent up to 20% of the net CaCO3 budget at LP, were not included. We compared our
chemistry-based estimates with the census-based net CaCO3 production for only LP, given that our
chemistry-based estimates at CR integrate a signal that likely includes the communities upstream
of the buoy, which have not been characterized. The NEC results for LP agreed with the NEC of
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the critical transition zone suggested by Perry et al. (2013), where coral reefs with less than 10%
live coral cover typically start to move into a state of net erosion (Fig. 3.12). At LP, the censusbased surveys showed that the forereef is accreting, albeit minimally and with high variability. Our
chemistry-based results for LP were within the census method error bounds estimated for LP (Fig.
3.12), suggesting that coral calcification and dissolution were the dominant processes influencing
our NEC chemistry-based rates. We assumed that contributions to our NEC estimates from other
calcifiers (e.g., coralline red algae, green algae, and foraminifera) were small.
The carbonate net production at LP and CR were estimated using the carbonate benthic
communities on Table 3.1 and were determined using the ReefBudget methodology (Perry et al.,
2012). The gross production rate for LP was determined using the calcification contribution of the
different coral species (Siderastrea siderea, Millepora spp., Montastraea faveolata, Montastraea
cavernosa, Meandrina meandrites, Mycetophyllia spp., Porites astreoides, Diploria strigose,
Agaricia agaricites) and scale it by the reef rugosity (1.25). The percent cover of each coral species
with surface roughness (rugosity) are used to estimate coral carbonate production relative to actual
transect surface area (Perry et al., 2012). The bioerosion from urchins, parrotfish, and
microbioerosion at LP was estimated at 0.51 kg CaCO3 m-2 year-1. The gross production rate for
CR was determined using the calcification contribution of Montastraea faveolata, Crustose
coralline algae, Porites astreoides, Siderastrea sidereal, Montastraea annularis, Colpophyllia
natans, Stephanocoenia intersepta, Solenastrea bournoni, Millepora spp., Porites porites,
Montastraea cavernosa, Diploria labyrinthiformis, Mycetophyllia spp., Diploria clivosa,
Siderastrea radians, Diploria strigose ranked in the relative order of areal cover. The reef rugosity
ranged from 1.38 to 1.52. The mean bioerosion from urchins, parrotfish, and microbioerosion at
CR was estimated at 1.27 ± 0.53 kg CaCO3 m-2 year-1.
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We did not account for the organisms contributing to CaCO3 production in the sands or
seagrasses (e.g., epiphytes, small coral colonies of Porites, mollusks, forams, calcareous green
algae, and crustose coralline algae (CCA)). The biological erosion rates from endolithic
macroborers organisms (e.g., bivalves and worms) are still unknown for LP and CR.

Figure 3.12: Summary of the Caribbean NEC (kg CaCO3 m-2 year-1) rates using the census-based
(gray and blue squares) and chemistry (red) approaches versus % live coral cover. Adapted from
Courtney et al. (2016). Note that the census method is the summation of calcification and
mechanical erosion. Amended from Courtney et al. 2016. The red color represents the chemistrybased estimates for Bermuda (red dot), LP (red square), and CR (red asterisk). Given that our
chemistry-based estimates are integrating a signal that likely includes the upstream communities
at CR with unknown % coral cover, we took the average of stony coral cover of 7% (Sotto et al.,
2011). The blue color represents the census-based estimates. The census-based estimates for CR
(blue asterisk), represent the % coral cover estimated at the buoy’s site. We modified the Bermuda
census-based (Courtney et al., 2016) estimate (blue dot) by -1.75 kg CaCO3 m-2 year-1 (average
gross erosion by parrotfish (Perry et al., 2014)) to show the potential mechanical erosion effects in
this NEC estimate.
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3.4.2 Comparison with other Atlantic-Caribbean reef areas
Note that the NEP and NEC measured may not necessarily reflect coral metabolism if other
organisms or biogeochemical processes dominate the metabolic signature (i.e., phytoplankton,
sediments, and algae). We expect that other significant TA and DIC fluxes from organic matter
production (Kim and Lee, 2009), anaerobic sediment diagenesis (Andersson and Mackenzie,
2011), and nutrient transformation in macroalgae, sediments, and plankton (Wolf-Gladrow et al.,
2007) were also integrated into our measurements. While these assumptions do not affect our
calculations, they need to be considered when comparing our results with those of previous studies
and for other reef areas. Discrepancies with other studies can be related to several factors, including
the method used (e.g., incubations, mesocosms, gradient flux methods, Eulerian methods,
Lagrangian methods, and census-based surveys), biological community, water depth,
environmental feedback, hydrodynamics, reef morphological characteristics, and spatiotemporal
scale.
The annual mean (±standard deviation) NEC rate estimated for LP was -0.68 ±0.91 kg
CaCO3 m-2 year-1, and that for CR was -0.48 ±0.89 kg CaCO3 m-2 year-1, both of which are on the
lower end of the typical calcification ranges (<0.7-15 kg CaCO3 m-2 year-1) observed for other reefs
(Kinsey, 1985; Gatusso et al. 1993; Silverman et al., 2007; Bates et al., 2010; Bates, 2017). The
NEC at LP ranged from -85.26 to 22.13 mmol CaCO3 m-2 day-1 (-3.11 to 0.80 kg CaCO3 m-2 year1

) and at CR ranged from -100.74 to 51.86 mmol CaCO3 m-2 day-1 (-3.68 to 1.89 kg CaCO3 m-2

year-1). We consider that our low calcification rates may not be particularly anomalous when
compared with the average calcification ranges reported for forereef areas in the Atlantic (0.9 - 2.7
kg CaCO3 m-2 year-1; Vecsei, 2004) and given the variability (>±50%) reported for census-based
approaches (Fig. 3.12 and Table 3.3).
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Low annual calcification rates and occasional net dissolution have also been observed in
Bermuda subtropical coral reef environments (Bates et al., 2010; Bates, 2017). A long-term
assessment of monthly daytime surface measurements using the anomaly technique for Harrington
Sound, Bermuda, and the Bermuda Atlantic Time-series Study (BATS) showed that the Bermuda
reef system was predominantly net calcifying with an occasional period of net dissolution and
slightly net heterotrophic on an annual basis (Bates, 2017). The seasonal changes in NEC at the
Hog Reef system in Bermuda, determined using the anomaly approach, were also similar to our
seasonal NEC changes. For example, Bates et al. (2010) found that the NEC was generally positive
and ranged from -21 to 104 mmol CaCO3 m-2 day-1 (-0.8 to 3.8 kg CaCO3 m-2 year-1), with the
highest net calcification in winter (January–April) and mid-summer (July–August) and lower net
calcification in late summer to fall (September–December).
The NEP at LP ranged from -86.87 to 24.91 mmol C m-2 day-1 (-0.38 to 0.10 kg C m-2 year1

) and at CR ranged from -64.32 to 27.04 mmol C m-2 day-1 (-0.28 to 0.11 kg C m-2 year-1). The

rates of NEP at Hog Reef seasonally ranged between -125 and 233 mmol C m-2 day-1 (-0.5 to 1.0
kg C m-2 year-1), with net autotrophy (positive) in mid-summer (July/August) and from January to
May (Fig. 5 in Bates et al., 2010). Net heterotrophic conditions were observed in late summer
(September) and fall (October–December), with maximum respiration rates of 125 mmol C m-2
day-1 in October (Bates, 2010). The monthly average (±standard deviation) respiration rates in
October at LP and CR were similar (36 ± 30 and 41 ± 50 mmol C m-2 day-1).
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Table 3.3: Summary of NEC in the Caribbean and Atlantic using census and chemistry-based
approaches. Adapted from Perry et al., 2013.

Location

CaCO3
CaCO3 Production
Production uncertainty

%
Coral
Cover

% CC
STD

Year

Study
Type

Citation

Bahamas

0.23

0.46

7.727

1.964

2010-2012

Census

Perry et al., 2013

Bahamas

-0.52

0.18

4.590

0.510

2010-2012

Census

Perry et al., 2013

Bahamas

0.70

0.56

9.720

3.466

2010-2012

Census

Perry et al., 2013

Belize

1.07

1.33

20.057

8.682

2010-2012

Census

Perry et al., 2013

Belize

1.49

1.27

14.958

6.935

2010-2012

Census

Perry et al., 2013

Belize

0.00

1.00

12.907

4.224

2010-2012

Census

Perry et al., 2013

Belize

4.12

3.69

20.863

7.804

2010-2012

Census

Perry et al., 2013

Belize

1.39

1.90

14.517

3.707

2010-2012

Census

Perry et al., 2013

Belize

0.50

0.99

11.690

7.706

2010-2012

Census

Perry et al., 2013

Bonaire

-0.97

0.14

2.695

1.817

2010-2012

Census

Perry et al., 2013

Bonaire

2.31

1.05

25.010

4.544

2010-2012

Census

Perry et al., 2013

Bonaire

3.63

6.42

24.128

14.601

2010-2012

Census

Perry et al., 2013

Bonaire

9.52

4.91

28.000

11.947

2010-2012

Census

Perry et al., 2013

Bonaire

0.99

1.60

16.697

4.138

2010-2012

Census

Perry et al., 2013

Grand Cayman

1.10

1.96

11.870

8.062

2010-2012

Census

Perry et al., 2013

Grand Cayman

-1.76

0.52

5.658

3.455

2010-2012

Census

Perry et al., 2013

Grand Cayman

1.24

1.63

15.403

1.811

2010-2012

Census

Perry et al., 2013

Grand Cayman

-0.13

1.23

8.782

4.580

2010-2012

Census

Perry et al., 2013

Grand Cayman

1.32

1.18

18.452

4.553

2010-2012

Census

Perry et al., 2013

Barbados

15.00

n.p

37.4

n.p

1974-1975

Census

Stearn et al., 1977

Jamaica

1.24

n.p

13.2

n.p

2001-2002

Census

Mallela & Perry, 2007

Jamaica

1.89

n.p

16

n.p

2001-2002

Census

Mallela & Perry, 2007

Bermuda

1.01
1.60

26
11.55

5
9.04

2011

Census

Courtney et al., 2016*

Puerto Rico

2.35
1.03

2015

Census

This study

Florida

2.90

0.87

30.34

12.96

2013-2015

Census

This study

Bermuda

0.5 -1.2

n.p

21

n.p

2002-2003

Chemistry

Bates et al., 2010

Bermuda

2.23

1.02

26

5

2011

Chemistry

Courtney et al., 2016

Florida

-1.1

0.4

7

5

2009-2010

Chemistry

Muehllehner et al. 2016

Florida

1.00

0.4

7

5

2009-2011

Chemistry

Muehllehner et al. 2016

Florida

-0.44

0.86

7

5

2012-2017

Chemistry

This study

Puerto Rico

-0.68

0.91

10

n.p

2009-2017

Chemistry

This study

*bioerosion is not included.
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3.4.3 Potential drivers related to benthic and water column processes
Cheeca Rocks (CR)
Deterioration of coral communities in the Florida Reef Track has been attributed primarily
to warming (Manzello, 2015), temperature stress (Lirman et al., 2011), and widespread disease
(Precht et al., 2011). Florida reefs have experienced coral cover decline in the last two decades
(Soto et al., 2011); however, inner patch reefs, such as that at CR, maintain a high percentage of
coral cover despite their proximity to the highly variable water conditions associated with Florida
Bay. Even though the calcification rates could be greater at the CR patch reef, the metabolic rates
at CR over a semidiurnal cycle likely represented processes from communities as far as 3 km north
of the buoy. Benthic communities included fine-grained CaCO3 sediments, isolated hard and soft
corals, and seagrass, which are related to the observed high respiration and dissolution rates. The
annual cycle of the benthic primary producers (Lirman and Biber, 2000; Collado-Vides et al.,
2005) can explain the seasonal trends in the NEP. The increases in the biomass and productivity
of macroalgae and seagrasses from winter to early summer coincide with the highest NEP rates.
In July and August, we observed a decrease in NEP, which coincided with the period of maximum
macroalgae and seagrass cover (Lirman and Biber, 2000; Collado-Vides et al., 2005). We speculate
that the respiration rates at CR may be fueled by seagrass-derived detritus, sediment
remineralization, and dissolved organic carbon excreted from living leaves, rhizomes, and roots
and leached from decomposing tissues (Duarte & Krause-Jensen, 2017). Additionally, the
dissolved organic carbon derived from the exudates of macroalgae and turf algae can enhance
microbial respiration in the water column and transition the ecosystem to net heterotrophy over
diurnal time scales (Haas et al., 2013); however, it is unknown whether this is significant on longer
time scales.
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Sources of nutrients and carbon around CR could also be a combination of high-frequency
processes such as the bay's outflow and upwelling through internal waves. We theorized that an
intense seasonal vertical mixing in the winter drives phytoplankton concentration, while in the
summer/fall, later mixing could drive organic carbon input. Even though the chlorophyll-a
concentrations are small (<0.4 ug L-1), there is an increase in winter and spring (Fig.1.15),
supporting the theory about upwelling. Vertical mixing decreases towards the summer/fall months
due to a thermocline. Carbon inputs from Florida Bay could become more significant due to an
increase in river runoff during the wet season.
Leichter et al. (2003) quantified the nutrient inputs associated with internal tidal upwelling
and compared this with the overall daily nutrient loading from wastewater and stormwater sources
in the Florida Keys. These authors estimated annual input of nitrogen and phosphorus from internal
bores ranged from roughly half to 10–20 times the annual input of nearshore waters from
wastewater and stormwater. They also found that the temperature records for Conch Reef (18 km
north of CR and 8km offshore) show significant internal bore activity starting in March and
becoming strongest throughout the summer (May–September) but then decreasing significantly in
October–January.
The results from our model show the lowest dissolution rates and episodic calcification
from winter to early summer. Calcification was mostly driven by isolated hard and soft corals
located upstream of the buoy (Chapter 1). Seasonal changes in benthic calcifier coverage were
unknown. Our dissolution rates appeared to increase linearly with the seagrass biomass and
production, which peaked in summer and was at a minimum in winter (Fourqurean et al., 2001).
This trend has been attributed mainly to oxygen pumping through the seagrass roots, which
stimulates aerobic respiration and chemical dissolution (Burdige and Zimmerman, 2002).
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Microbial decomposition of organic matter can also enhance metabolic dissolution through oxic
respiration (Eyre et al., 2014; Cyronak et al., 2016). Interestingly, the average biologically
mediated dissolution of CaCO3 from bioeroding sponges, microbioerosion, parrotfishes, and
urchins at the buoy site was -1.27 kg m-2 year-1, which would enhance chemical dissolution. This
was higher than that at LP, where the total bioerosion was estimated at -0.51 kg CaCO3 m-2 year-1
(for details see Manzello et al., 2017).
La Parguera (LP)
A combination of bleaching events, disease outbreaks, depletion of herbivorous organisms,
and the interaction of multiple anthropogenic stressors such as fishing and sedimentation have
caused poor reef health conditions and facilitated shifts to a macroalgal dominance of the LP reefs
(Weil et al., 2009). The buoy at LP is in the forereef of the Enrique Cay, formerly dominated by
the branching coral Acropora palmata. Decreases in coral cover greater than 50% from 2003-2007
were attributed primarily to coral bleaching and disease and secondarily to hurricanes and
corallivorous mollusks (Appeldoorn, 2009; Morelock et al., 2001; Ballantine et al., 2008). The dieoff of the sea urchin Diadema antillarum limited coral recovery and prevented recruitment to bare
substrates due to increased algae cover (Ballantine et al., 2008). Currently, most of the area
formerly covered by A. palmata is dead and has been replaced by zoanthids and soft corals. The
dominant reef-building corals in Enrique Cay (Siderastrea siderea, Porites astreoides, and
Montastraea faveolata) are slow calcifier species with less potential to modulate the reef water
chemistry (Moyer et al., 2012). No significant seasonal changes in benthic calcifiers have been
observed when soft corals are excluded (Moyer et al., 2012). There has been no significant increase
over time in the fraction of live coral cover based on the results of McGillis et al. (2011) and
Manzello et al. (2017) obtained in March 2009 and August 2015, respectively. The high dissolution
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rates at Enrique Cay are likely generated within the carbonate sediments, coral reef framework,
and coral rubble. Hernández et al. (2009) found that the sediments at LP consist of highly soluble
CaCO3 minerals (e.g., 13-14 mol% Mg-calcite), which can show significant dissolution rates at
Ωarag >1 (Eyre et al., 2018). We found that our NEC rates were similar to the dissolution rates
estimated for coral rubble (-1.80 kg CaCO3 m-2 year-1) by Yates and Halley (2006); coral rubble
makes up approximately 30% of Enrique’s forereef.
The reef flat of Enrique Cay is colonized by mangroves, which suggests that net
heterotrophy can be driven by the remineralization of mangrove-derived organic carbon inputs
(Gray et al., 2012). We hypothesized the mangroves are one of the major organic C sources during
the fall in LP. Pool et al. (1975) studied the litter production in mangrove forests of southern
Florida and Puerto Rico and reported that most of the litterfall (mostly leaves) corresponded to
peaks of wet seasons and frequent windstorms. These authors also found that between Florida and
Puerto Rico, there were no significant differences in the rate of total litterfall, although there were
significant differences within each geographical region and between mangrove forest types. The
exchange between inshore mangrove channels to the mid-platform in La Parguera could be a
source of organic carbon during the wet season (fall). Unfortunately, there is very little literature
or data available on the physical processes driving advective fluxes and its effect on water
chemistry at LP.
At the Enrique reef during the summer months, Otero (2009) found high sedimentation and
turbidity, which could decrease calcification and photosynthesis by reducing the amount of light
(Telesnicki and Goldberg, 1996; Otero and Carbery, 2005; Garcia-Sais et al., 2008).
Photosynthetically active radiation (PAR) measurements (Appendix B) are at the lowest during
the summer time at this location. Recurrent summer/fall events at LP, such as disease, bleaching,

94

and mortality events affecting soft and hard corals, can also increase a coral’s organic matter
fluxes, organic matter degradation, and associated bacterial activity that fuel benthic respiration
rates (Ferrier-Pagès et al., 1998).
The observed heterotrophic conditions coincided with the wet season, the seasonal
decrease in salinity caused by the remote influx of freshwater originating from the Orinoco and
Amazon River plumes (Corredor & Morell, 2001), and the frequent occurrence of extensive mats
of Sargassum washing up in coastal areas (Wang et al., 2019). These seasonal occurrences may
represent a remote source of dissolved and particulate organic matter available for respiration.
Sargassum arrival during the fall since 2011 seems to be another new input of organic carbon once
these sargassum mats reach the coast or tangle in the mangrove roots and die.
However, the impact of these events on nearshore carbon metabolism is unknown. Continued
investigation of coastal organic matter components from local and remote sources will provide
additional information on the sources of this excess carbon.
Internal waves and seiches are also common in the southwest area of Puerto Rico. We
hypothesized that the strong mixing in the winter and nutrient supply to the surface in the winter
could support positive NEP. Even though the offshore waters are permanently stratified, internal
tide energy and waves, as well as eddies can play an important role by bringing nutrient-rich waters
onto the surface (van der Boog et al., 2019). There is also a possibility that waters originating from
the Orinoco River, which reach the Puerto Rican coast in September and October each year, play
some role in determining the phytoplankton composition during the winter months. There seems
to be two chlorophyll a peaks per year, the first in the spring, associated with the Amazon outflow,
and the second in autumn, associated with the outflow of the Orinoco River.
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3.5 Conclusions
This chapter derived seasonal changes in NEC and NEP using a mass balance approach at
LP and CR. The 1-D mass balance approach used long-term and high-frequency pCO2sw and
oxygen observations as proxies to decouple the NEP and calcification metabolism from the effects
of communities close (<5 km) to the buoys. Both sites were net heterotrophic and net dissolutional,
with an annual mean (±standard deviation) NEC rate estimated as -0.68 ±0.91 (LP) and -0.48 ±0.89
(CR) kg CaCO3 m-2 year-1. The NEC at LP ranged from -3.11 to +0.80 (LP) and from -3.68 to
+1.89 (CR) kg CaCO3 m-2 year-1. The NEP rates ranged from -0.38 to 0.10 (LP) and from -0.28 to
0.11 (CR) kg C m-2 year-1. Our annual metabolic rates and seasonal results were in good agreement
with other data collected in Florida, Puerto Rico, and the Caribbean using TA anomaly, turbulent
flux, and census-based approaches. Based on similarities in environmental characteristics, our
results suggest that tropical Caribbean reef ecosystems are exhibiting extended periods of net
dissolution on an annual basis. This study is the first to use nearly a decade of continued highfrequency observations to provide evidence of seasonal metabolic rates. The continued pCO2sw
and O2 observations allow us to create the first climatologies of inorganic and organic metabolism.
Future research efforts should be directed to combine different long-term field observations
for model validation in order to gain a better understanding of ecosystem changes across different
temporal scales. This chapter successfully evaluated a mass balance approach in two coastal reef
systems using data from fixed assets that could be employed elsewhere as a means to monitor OA
and its impacts on coral reef ecosystems. The minimum fixed assets needed to reproduce the
NEP/NEC model elsewhere would need to include determinations of oxygen. These measurements
support long-term evaluations of coral reef health and changes attributable to multiple stressors.
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CHAPTER 4
THE ROLE OF NET ECOSYSTEM METABOLISM IN NEARSHORE ΩARAG

4.1 Introduction

Tropical coral reefs are very close to carbonate production and accretion thresholds due to
the decline in live coral cover and sea level rise (Perry et al., 2018). Additionally, these ecosystems
face other threats such as the continued ocean acidification (OA) and warming that compromises
the ability of corals to keep pace with rates of sea level rise. Furthermore, the combination of
bleaching events, outbreak of diseases, and depletion of herbivorous organisms, and the interaction
of multiple anthropogenic stressors such as fishing and sedimentation have caused poor health
conditions and facilitated shifts to macro-algal dominance of Caribbean reefs (e.g., Gardner, et al.,
2003, Alvarez-Filip et al., 2009). Discerning whether these net ecosystem metabolic processes are
changing due to natural variability (e.g., changes in benthic communities) or because of
anthropogenic activities (e.g., eutrophication, OA) is complex. Moreover, biogeochemical
processes in nearshore areas can lead to significant changes in the coastal surface seawater
carbonate chemistry (e.g., Ωarag) relative to global open ocean, and increase or decrease sensitivity
of the systems to OA.
The seasonal cycle of net ecosystem production (NEP) at Cheeca Rocks (CR) and at La
Parguera (LP) indicates that most of the net organic carbon fixation occurs during the winter
(Chapter 3). This resulted in pCO2 values close to atmospheric equilibrium and increase Ωarag to
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values close to oceanic conditions (Chapters 1 and 2). While production is an important process
throughout the winter, respiration, particularly from June and October, generates a local source of
DIC to the system and can make calcification more energetically demanding during the fall.
Although Ωarag remained supersaturated (Ωarag >1) at LP and CR, we repeatedly observed “low”
values (<3.5) during the fall (Chapter 1). Low Ωarag compromises the ability of corals to maintain
net calcification (Gattuso et al., 1998) and increases the sensitivity of structures composed of
CaCO3 to dissolution and therefore to OA (Andersson et al., 2009; Eyre et al., 2018). The reef
framework and carbonate sediments, composed of the most soluble mineral forms of calcium
carbonate (aragonite and high-Mg calcite), can experience dissolution at low Ωarag values
(Andersson & Mackenzie, 2011). For example, the dissolution of CaCO3 reef sediments with high
levels of high-Mg calcite and coralline aragonite can occur at Ωarag 3.7 and ~1, respectively
(Yamamoto et al., 2011).
Significant correlations between net ecosystem calcification and production have been
observed in previous studies in the field on diurnal time scales (Shaw et al., 2012; McMahon et
al., 2013; Albright et al., 2015; DeCarlo et al., 2017). Because of the correlation between
ecosystem calcification and production, the effects of OA on net ecosystem calcification (NEC)
and saturation state (Ω) could be masked by other processes that influence net primary production
on longer time scales (e.g., nutrients, carbon, and temperature). The strong coupling between NEP
and NEC can also cause hysteresis (Chapter 2) between NEC and seawater surface saturation states
that complicates the use of first-order derivations of NEC-Ωarag (Langdon et al. 2000; Silverman et
al., 2007; Andersson and Gledhill, 2013).
Chapter 4 evaluates the correlation between the NEC and NEP to provide information
about the role of organic metabolism in the NEC and our ability to define geochemical thresholds
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at which dissolution exceeds calcification. In this chapter we also test how the NEP and NEC
resulted in changes in nearshore Ωarag to understand the sensitivity of these two sites to OA
considering the NEC-to-NEP ratio (NEC:NEP).
For reference see: Chapter 3
4.2 Methods
Overall uncertainty of autonomous pCO2sw is <2 μatm (Sutton et al., 2014b) and modeled
TA (Chapter 1) for LP and CR are 30 and 47 μmol kg-1, respectively. We use these two parameters
to calculate the aragonite saturation state (Ωarag), which has a final uncertainty of 2% (LP) and 4%
(CR) using the CO2SYS modeling program of Orr et al. (2018). Even though the uncertainties in
modeled TA are high, the method used here to calculate Ωarag yields uncertainties that are in close
agreement with the Climate goal (<1%) to identify long-term trends and spatial and short-term
variations in OA (Newton et al., 2015; Sutton et al., 2016).
Different mesocosm (Langdon & Atkinson, 2005) and field (Shaw et al., 2012) studies
have found a direct relationship between NEC and Ωarag that have been used to estimate
geochemical thresholds for coral calcification. However, this correlation can be highly variable
from reef to reef, and often non-linear because NEC can be related to the how photosynthesis and
respiration drive Ωarag and calcification (McMahon et al., 2013; Jokiel, 2014). Therefore, to better
understand the changes in Ωarag due to the combined effects of the rates of change in the NEC and
NEP we need to consider both, the organic and inorganic metabolism (Andersson and Gledhill,
2013). We defined the x-intercept between NEC and NEP with Ωarag as the seasonal shifts or
threshold points at which the net calcification and production were zero. This represents the point
at which dissolution and respiration exceeded calcification and photosynthesis at seasonal time
scales.
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The TA-to-DIC slope (∆TA/∆DIC) can be related to the NEC:NEP ratio (Suzuki and
Kawahata, 2003) as following:

NEC: NEP =

1

(4.1)

2

9 ∆TA :– 1
∆DIC

We calculated that a TA-to-DIC slope of 0.94 maintained an approximately constant
seawater Ωarag determined using CO2SYS, a temperature of 25°C and a salinity of 35. These
changes in TA and DIC corresponded to an NEC:NEP ratio of approximately 0.87. At the DIC
and TA concentrations typically observed in reef areas, this critical metabolic ratio is commonly
used (Andersson and Gledhill, 2013; Albright et al., 2013; DeCarlo et al., 2017). Higher ratios
decrease Ωarag, and lower ratios increase Ωarag.
4.3 Results and discussion
4.3.1 Net ecosystem production (NEP) as the primary factor controlling NEC
The linear relationships between NEC and NEP showed a significant (t-test, p-value < 0.01)
slope (± standard error) of 1.00 ± 0.005 for LP and 0.88 ± 0.04 for CR (Fig. 4.1). This linear
correlation is consistent with the hypothesis that organic carbon dynamics play an important role
in the modulation of the carbonate chemistry in reef waters (Gattuso et al., 1999).
Our net ecosystem metabolic rates and seasonal patterns for LP show that the NEP was
strongly correlated (r2LP =0.99) with the NEC on an annual time scale (Fig. 4.1). At CR, the
correlation between the NEP and NEC was weaker (r2CR =0.53) but still significant (p-value
<0.01), indicating that net production may not be the strongest control over net calcification at this
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location. The linear correlation of the NEP with the NEC was less variable over an annual cycle at
LP (RMSE = 2.3 mmol m-2 day-1) than at CR (RMSE = 16.3 mmol m-2 day-1), suggesting that there
could be periods (e.g., fall) in which the linear correlation becomes much less apparent and net
calcification and production may be controlled by a complex combination of drivers (Ωarag,
temperature, and nutrients). Note that a high correlation coefficient was likely because NEC was
partially dependent on NEP in our model (Chapter 3), although pCO2sw and oxygen measurements
were independent. To better understand the influence of NEP on NEC, it may be necessary to
independently calculate more accurate high-frequency fluxes of TA, which was not possible using
our data set.
The threshold NEP rate that makes each site annual NEC = 0 was estimated using the
intercept between NEP and NEC. The intercept at CR was significantly (p-value<0.05) different
than zero at -2.04 ± 0.99 mmol m-2 day-1, while at LP the intercept (-0.03 ± 0.15 mmol m-2 day-1)
was no significantly different from zero (p-value = 0.86). Above these values of annual NEP, we
would expect positive annual NEC at each site.
4.3.2 Ecosystem metabolism and Ωarag
At CR, the net production exhibited a seasonal hysteresis with Ωarag (Fig. 4.2), with two
significant (p-value < 0.05) linear correlations in summer (r2= 0.3) and winter (r2= 0.6). The
summer and winter NEP-Ωarag intercepts (± standard error) where net production was zero were
4.17 ± 0.04 and 3.68 ± 0.02, respectively. Interestingly, the high correlation between NEP-Ωarag
(i.e., winter) corresponded to the lowest correlation coefficient (r2= 0.2) between net calcification
and productivity. The hysteresis between net calcification and Ωarag was attenuated, yet with a
significant linear correlation (r2= 0.3, t-test, p-value < 0.05). However, the linear functional
relationship between net calcification and Ωarag may not be valid at the spatiotemporal scales
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studied here. Figure 4.2 shows that at CR, there were two seasonal transitions when the net
production was zero: when Ωarag was 3.6 in January (winter) and 4.4 in May (spring). The NECΩarag intercept where net calcification is zero was 4.00 ± 0.02, which agreed with the results
of Muehllehner et al. (2016).

Figure 4.1: Seasonal NEC (mmol CaCO3 m-2 day-1) versus NEP (mmol C m-2 day-1) rates for CR
(a) and LP (b). The blue square (fall), orange diamond (summer), yellow star (winter), and purple
circle (spring) symbols represent the different seasons. The red dashed line represents a theoretical
NEC:NEP ratio of approximately 0.87, which maintains an approximately constant Ωarag. Higher
slopes (NEC>NEP) decrease Ωarag, and lower slopes (NEC<NEP) increase Ωarag. The NEC:NEP
slope was 1.00 ± 0.005 at LP and 0.88 ± 0.04 at CR (not shown).
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Figure 4.2: Seasonal NEC (mmol CaCO3 m-2 day-1) and NEP (mmol C m-2 day-1) rates for LP (a)
and CR (b) relative to Ωarag. The gray dashed lines denote zero NEP/NEC and the oceanic mean
; ocean) values. In situ bottle TA and DIC samples from seasonal cruises in the Caribbean Sea
Ωarag (Ω
; ocean.
and Florida Straits were used to calculate Ω

The results suggested that Ωarag was not the primary driver of NEC at LP, while at CR, the
linear correlation between NEC and Ωarag showed that 30% of the variance can be explained by
Ωarag. Figure 4.2 shows that at LP, the two transitions where net calcification and production were
zero occurred at 3.75 in April (spring) and 3.50 in December (fall). Hysteresis between metabolism
and Ωarag has been observed over a diel cycle at other coral reefs (e.g., McMahon et al., 2013; Shaw
et al., 2015); however, this study reveals seasonal hysteresis between ecosystem metabolism and
Ωarag that is characteristic of dynamic systems when multiple drivers (e.g., Fig.4.3) exist for the
same set of parameter values (McMahon et al., 2013).
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Results suggest that systems with a low correlation between NEC and NEP (i.e., CR) and
where the organic carbon cycle is relatively balanced (i.e., NEP = 0) could have weaker hysteresis
and therefore a significant correlation between NEC and Ωarag. This supports our suggestion that
the observed hysteresis pattern was a result of NEP supporting net calcification over seasonal time
scales. Therefore, the strength of the seasonal hysteresis is related to feedback between benthic
and ambient seawater chemistry and how other environmental parameters (e.g., light, temperature,
nutrients, and salinity) affect net productivity (Fig.4.3 and Appendix B). This seasonal hysteresis
suggests that long-term observations of seawater Ωarag may not be good predictors of long-term
changes in net calcification due to OA, which has also been suggested by recent diurnal studies
(McMahon et al., 2013; Cyronak et al., 2013; Shaw et al., 2015).
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Figure 4.3: Seasonal NEC (mmol CaCO3 m-2 day-1) and NEP (mmol C m-2 day-1) rates for CR (a)
and LP (b) relative to pCO2sw (μatm), temperature (℃), and salinity. The gray dashed lines denote
zero NEP/NEC and the mean atmospheric pCO2 value of 400 μatm.
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4.3.3 Metabolic activity increased the sensitivity to OA
Biogeochemical processes significantly (t-test, p-value <0.05) decreased Ωarag relative to
the offshore conditions at LP (Fig. 4.4). We observed that the NEC:NEP ratios at CR were less
than 0.87 in February and March, which could offset the effects of OA by increasing Ωarag. The
annual mean NEC:NEP ratio was 1.02 at CR and was 0.94 at LP. This is consistent with the
hypothesis that during the productive season, upstream seagrass communities can decrease DIC
and increase Ωarag (Manzello et al., 2012). However, the NEC:NEP ratios were higher than the
critical ratio of 0.87 the rest of the year. The high respiration rates at CR observed in the fall
generated a local source of DIC for the system that was approximately 1.3 times higher than the
change in TA from dissolution, causing a decrease in Ωarag. During this time of the year, these
processes may affect the CR reef’s susceptibility to other climate pressures and decrease the ability
of upstream communities to serve as OA refugia.

Figure 4.4: Monthly absolute NEC: NEP ratios for CR (black) and LP (red). The theoretical ratio
between NEC:NEP (0.87) to maintain approximately constant Ωarag is 0.87 (dashed line). Higher
ratios decrease Ωarag and lesser ratios increase Ωarag.
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The relatively small seasonal changes in Ωarag due to NEC:NEP suggested that the
susceptibility of the Enrique reefs, and likely other mid-shelf and inner reefs at LP, to pressures
from OA are similar to the global anthropogenic trend. This agrees with the findings of Sutton et
al. (2019), which showed that the anthropogenic signal may have already surpassed the natural
variability at this site. The increase in net dissolution from mid-August to December at both
locations could represent a potential negative feedback for OA, producing a potential local excess
of more than 100 mmol kg-1 TA and offsetting the pH and Ωarag decrease via the CO2 enrichment
from respiration. Similar to that at CR, the TA increase at LP was offset by the increase in CO2,
causing a decrease in Ωarag relative to that in offshore waters despite the effect of temperature on
Ωarag. We also hypothesized that the upstream communities at Enrique (i.e., coral reefs located on
the outer shelf) can potentially decrease the TA and Ωarag because of calcification. On an annual
basis, the balance between respiration and calcification at the LP insular shelf is likely maintaining
the Ωarag below the offshore mean of 3.8 (Fig. 4.2) and the threshold of 3.7 (Yamamoto et al.,
2011), a value at which highly soluble carbonate minerals may undergo dissolution.
5 Conclusions
Here the role of net ecosystem metabolism in CR and LP was explored using the seasonal
changes in NEP, NEC, and Ωarag. The complex interaction between metabolism and water
chemistry can mask the effects of OA on net calcification and complicate our ability to evaluate
OA geochemical thresholds for NEC in nearshore areas. The surface waters at LP are likely to be
affected by OA sooner and more strongly than surface oceanic waters due to the significant annual
changes in respiration and calcification of coastal carbonate saturation states. At CR, primary
productivity in spring from nearby seagrass beds helps sustain carbonate saturation states above
the mean oceanic average, but OA susceptibility increases during the late summer and fall. Future
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research efforts should be directed at improving our understanding of the drivers of both
calcification and organic production on long-term scales. For example, how the relationship
between net calcification and production and between calcification and Ωarag change interannually? The underlying local controls on ecosystem metabolism can increase a system’s
sensitivity to OA. Work in progress includes research into how short-term processes, such as
bleaching, diseases, storms and regional processes (e.g., offshore productivity) can change
metabolic rates and the dynamics between benthic and water column response.
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CHAPTER 5
CONCLUSIONS AND FUTURE WORK

This dissertation characterized the carbonate chemistry dynamics at two reef areas in the
Atlantic (Florida and Puerto Rico) and identified seasonal biological and physical mechanisms that
resulted in changes in carbonate chemistry using qualitative and quantitative approaches. The
characterization of sources and sinks of inorganic and organic carbon provided evidence to identify
the dominant processes at annual time scales and the mechanisms driving seawater CO2 and Ωarag
changes in nearshore areas. Our efforts contribute to the understanding of yearly metabolic rates
in reef environments. These observations are rare and unique for nearshore areas.
Fundamental contributions about the drivers of net ecosystem calcification at poorly
studied spatiotemporal scales are made. This dissertation provides evidence about how net
ecosystem metabolism significantly changes the carbonate chemistry relative to the regional
oceanic averages at annual scales. This new information increased the understanding about how
OA is unfolding within nearshore areas. Practical contributions are made in the form of methods
to quantify net ecosystem metabolic rates in-situ using data from fixed assets that could be
employed elsewhere.
For the first time, long-term carbonate observations under naturally variable in-situ
conditions showed a seasonal hysteresis between reef metabolism and water chemistry. This
characteristic makes OA effects on calcification complicated to understand. This dissertation
additionally contributes new knowledge related to the mechanics driving Ωarag and calcification
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changes in nearshore areas. It also provides information about how upstream communities can
change the carbonate chemistry experienced by the reef and increase/decrease the ecosystem
sensitivity to OA.
There is strong evidence for decreasing carbonate production and calcification rates, coral
cover, and biomass of dominant reef-building species throughout the Caribbean region. However,
there is still insufficient evidence to conclude that these decreased ecosystem processes are due to
OA. This dissertation provides the building blocks for a nearshore biogeochemical model that aids
in the estimation of the extent at which natural and anthropogenic processes change the seawater
pCO2 and pH at a long-term scale. Using the mass balance approach, a direct estimate of the
processes affecting CO2 can be used to de-couple the long-term trends in seawater pCO2 due to
OA and warming. Moreover, long-term changes in ecosystem health based on net ecosystem
metabolism rates can be made.
There are several avenues for proposed future research. For example, the model and
analyses can be applied to different time scales. At diurnal time scales, there are promising highfrequency TA and pH sensors that could improve our model and understanding of the diurnal
drivers of net calcification variability in the field (Briggs et al. 2017). Research into the short-term
processes, such as bleaching and diseases, and how these processes or events can change metabolic
rates and the dynamics between benthic and water column response is another avenue of future
work. Additionally, our observations and methods can be applied to understand how long-term
regional processes, such as the Atlantic Multidecadal Oscillation, El Niño–Southern Oscillation,
North Atlantic Oscillation, the Amazonas and Orinoco river plumes, aeolian deposits from the
Sahara dust, sargassum events, and chlorophyll-a anomalies, can change local chemistry. Also,
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more work is needed to understand the feedbacks between the water column and benthic processes,
and the sources of organic carbon in these nearshore areas.
Our work can also be tested and applied in other reef regions with similar buoys and
auxiliary carbonate data to better understand the OA conditions over different oceanic settings.
However, to use the autonomous measurements to understand metabolism, the time series
programs should expand their observation capabilities to include other physical and
biogeochemical measurements such as water flow, wind speed, dissolved oxygen, chlorophyll, and
light (Appendix B). This data will help to constrain the spatiotemporal scales of the buoys’
measurements. Moreover, it can provide the necessary assets to parameterize the model to
hindcast, describe current, and forecast NEP/NEC conditions. High frequency data provided by
this and similar operational systems can be used to develop early warning capabilities needed to
identify and predict ecological trophic fluctuations.
Additionally, our observations showed that NEP, as diagnosed by dissolved oxygen, is a
good predictor of NEC in these systems. As such, it is of the utmost importance for monitoring
programs to integrate oxygen sensors to time series in other coral reef locations. Additional efforts
should also include long-term measurements at the benthic boundary layer and sediments. It is
predicted that coastal reef zones will surpass the predicted open ocean chemical thresholds where
dissolution exceeds precipitation, but the timing and rate of change are currently unknown. This
dissertation demonstrates that these thresholds could fluctuate reef to reef.
The NEP seasonal cycle at both locations may be driven by either a recent decrease in new
nutrients leading to overall lower annual NEP or increase in organic matter delivery driving overall
higher levels of respiration that decrease NEP. Additional work should be focused on
understanding the sources of nutrients and organic matter in both locations. Another future avenue
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of research is to explore how the strength and depth of the thermocline can affect the supply of
nutrients by upwelling. Studies have shown that offshore productivity can affect reef
biogeochemistry (Yeakel et al., 2015). We could also explore how variations in the delivery of
Florida Bay waters, or a more intense wet season could affect our negative NEP rates in the fall.
In summary, this dissertation contributes high quality observations of ecosystem response
and water chemistry under unique natural conditions. High-frequency carbonate system data for
two multi-year time series (Florida and Puerto Rico) show different seasonal amplitudes, offering
insight into differing local biogeochemical processes. The current metabolic status of LP and CR,
based on our results, are net dissolutional and net heterotrophic on the annual cycle. A chief
conclusion is that systems with less correlated NEP to NEC and weak seasonal hysteresis (i.e.,
CR) should exhibit better correlations between NEC and Ωarag, while strongly correlated NEP to
NEC and high seasonal hysteresis (i.e. LP) will not correlate NEC to Ωarag.
Results also show it is crucial to address the spatiotemporal scale of the carbon
measurements because it matters what observations are being made (slow or fast response) when
inferring local processes. Results show that the seasonal cycle of carbonate chemistry cannot be
attributed to temperature dynamics but rather reflects the combined effects of ecosystem processes.
Respiration, particularly in late summer and fall, appears to be an additional source of CO2 to the
systems and can make calcification more energetically demanding as well as increase dissolution
rates during this time of the year. Simple linear trends cannot explain the feedback between
metabolism and reef water chemistry, and this complex interaction can mask the effects of OA on
net calcification and complicate our ability to evaluate OA geochemical thresholds in nearshore
areas. Finally, our results suggest that systems with high organic inputs can present higher
susceptibility to OA pressures than systems with higher carbon fixation rates. This justifies
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continued efforts into the investigation of the dynamics of the organic and inorganic carbon cycles
in nearshore areas.
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APPENDIX A
IMPACTS OF OCEAN ACIDIFICATION IN THE COASTAL AND MARINE
ENVIRONMENTS OF CARIBBEAN SMALL ISLAND DEVELOPING STATES (SIDS)

Appendix A provides a short and concise review of current scientific understanding of ocean
acidification in coastal and marine environments of Caribbean Small Island Developing States
(SIDs). The content of Appendix A is published as a Caribbean Marine Climate Change Report
Card: Science Review to the Commonwealth Marine Economies (CME) Programme: Caribbean
Marine Climate Change Report Card Scientific Reviews.

132

CARIBBEAN MARINE CLIMATE CHANGE REPORT CARD: SCIENCE REVIEW 2017
Science Review 2017: pp 31-39.

Impacts of Ocean Acidification in the Coastal and Marine
Environments of Caribbean Small Island Developing States (SIDS)
Melissa Melendez, Joseph Salisbury
University of New Hampshire, School of Marine Science and Ocean Engineering, Morse Hall, 39 Academic Way, Durham, NH 03824,
USA

EXECUTIVE SUMMARY
Oceans have absorbed one third of the carbon dioxide (CO2) released to the atmosphere from human activities causing the
seawater pH to decrease by 0.1 units since the Industrial Revolution.
There is certainty that ocean acidification caused by anthropogenic activities is currently in progress and will increase in accord
with rising atmospheric CO2 concentrations.
There is medium confidence that these changes with significantly impact marine ecosystems.
Throughout the Caribbean small islands, ocean acidification effects could be exacerbated due to local processes within coastal
zones. Ocean surface aragonite saturation state (Ωarg) has declined by around 3% in the Caribbean region relative to pre-industrial
levels potentially already impacting tropical marine calcifying organisms.
In addition to the effect on living organisms, ocean acidification is likely to diminish the structural integrity of coral reefs through
reduced skeletal density, loss of calcium carbonate, and dissolution of high-Mg carbonate cements which help to bind the reef.
This would make coastal areas of the Caribbean small islands increasingly more vulnerable to the action of waves and storm
surge. This is likely to have knock-on effects to the tourism sector, fisheries and coastal infrastructure.
More studies about the present and projected impacts of ocean acidification on Caribbean small islands are necessary in order to
evaluate alternative adaptive strategies accounting for the different island’s environmental, socioeconomic, and political settings.

What is Already Happening?
The rates of change in atmospheric warming and carbon dioxide
(CO2) emissions are unprecedented in modern history and both
influence ocean acidification (IPCC, 2014).
Studies using CO2 proxies on marine fossils, ancient ice and
geochemical models, point to atmospheric CO2 concentrations
that remained under 280 parts per million (ppm) for the past
800,000 years preceding the Industrial Revolution of the 18th
century (Tripati et al., 2009). However, since then atmospheric
CO2 concentration has increased to 400 ppm (Le Quéré et al.,
2016) and presently the change of atmospheric CO2 increase is
more than 100 times faster than that observed over the past
800,000 years (IPCC, 2014). The oceans have absorbed
approximately one third (~28%) of all the CO2 released to the

atmosphere from human activities since the Industrial Revolution
(Sabine et al., 2004; Frölicher et al., 2015).
Ocean Acidification is the process by which the ocean uptake
of atmospheric CO2 causes an increase the seawater
concentration of CO2 which in turn, results in a decrease on
seawater pH and carbonate (CO32-) ions (see Box 1). Currently
we know that the average surface ocean pH has decreased by
0.1 units since the Industrial Revolution (Feely et al., 2009;
IPCC, 2014). A 0.1 unit change may seem to be small, but
actually corresponds to a 26% increase in ocean acidity over
the last 200 years. If atmospheric CO2 concentration continues
as predicted under either of the two intermediate CO2 scenarios
of the IPCC (RCP 4.5 and 6.0), then by the next century the
average pH of oceanic waters will decrease by 0.1 – 0.2 units
(40 - 62 % more acidic) below pre-industrial levels. Other
higher- emission CO2 scenario (RCP 8.5) predict decreases
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of 0.3 to 0.4 units which correspond to 100 -150% more acidity.
As the ocean absorbs more atmospheric CO2, the magnitude
and rate of ocean acidification will continue increasing.

acidification observing systems. Other carbonate parameters
while important, are presently difficult to measure in situ.
Box 2: Saturation Index
Seawater ΩCaCO3 is defined as the ratio between the ion
concentration product of calcium (Ca+2) and CO3-2 to the solubility
product (a function of temperature, pressure and salinity) based
on ion concentrations at saturation (K*SP) as given by:

ΩCaCO3 = [Ca+2][CO32-]/K*SP
Three common CaCO3 mineral forms are magnesian calcite,
aragonite and calcite, with calcite and aragonite representing the
principal mineral components used by marine calcifying
organisms to produce their internal and external skeletons
(Morse et al., 2007). Magnesian calcite minerals are found in
marine sediments and coral reef frameworks as important lithified
or cements (Macintyre & Aronson, 2006). While they are thought
to be the “first responders” to low Ω values and ocean
acidification due to their tendency to dissolve, there is still large
uncertainty regarding their solubility (Morse et al., 2007;
Andersson et al., 2008).

A decrease in CO 3 -2 concentration in response to ocean
acidification can significantly impact the degree to which
seawater is saturated with respect to calcium carbonate minerals
(e.g. aragonite, calcite, magnesian calcites), which are critical
building blocks of most marine skeletal material. This is termed
saturation state (Ω) and can be related to how difficult it is for
marine calcifying organisms to build their skeletons out of
calcium carbonate (CaCO3, see Box 2). Seawater Ω can be also
considered as an index that describes the tendency for a
carbonate mineral to precipitate or to dissolve, and is often
positively correlated with marine skeletal growth (e.g. Langdon
et al., 2000; Waldbusser et al., 2015). If Ω is greater than one,
conditions will be favourable to calcium carbonate precipitation,
and if Ω is less than one, net dissolution of carbonate structures,
shells and sediments will be favoured. A value of one is in
equilibrium, with neither net precipitation nor dissolution being
favoured. Surface Caribbean waters are on average about four
times supersaturated with respect to the mineral aragonite (Ω =
4) while in pre-industrial periods this value likely exceeded about
five times supersaturation (Ω = 5).
It is certain that ocean acidification caused by anthropogenic
activities is currently in progress and will increase in accord with
atmospheric CO2 emissions. Ocean acidification is measurable;
however, it has been difficult and expensive to monitor with the
necessary high-quality observations to understand the effects of
increasing ocean acidification on marine and coastal
ecosystems. Only two open ocean acidification long time series
(Gruber et al., 2002; Bates et al., 2012) and few short-term
records in the coastal ocean are available (Wootton et al., 2008;
Provoost et al., 2010). This is mainly because of the data needed
to fully constrain carbonate chemistry. To do this, two of the
several possible parameters are needed, along with seawater
salinity and temperature. Measurable carbonate parameters are
the fugacy of CO2, total alkalinity (TA), dissolved inorganic
carbon (DIC), partial pressure of CO2 (pCO2) and pH. The last
two are often measured by contemporary moored ocean

Another major challenge for monitoring acidification is that
seawater carbonate chemistry must be characterized precisely
to distinguish between the natural CO2 variability driven by local
biogeochemical processes from human induced secular
changes in atmospheric CO2. Direct long-term measurements in
open ocean waters show clear relationships between increasing
atmospheric CO2 and decreasing seawater pH (Dore et al.,
2009; Bates et al., 2012). However, many coastal regions
already experience low surface seawater pH and ΩCaCO3
conditions (“localized or coastal ocean acidification”) due to
processes other than CO2 uptake (Duarte et al., 2013). These
processes include upwelling of low pH waters (Feely et al.,
2008), deposition of atmospheric nitrogen and sulphur (Doney et
al., 2007), discharge of riverine waters (Salisbury et al., 2008),
as well as inputs of nutrients and organic matter that stimulate
intense respiration and generation of CO2 (Cai et al., 2011). As
a result, the effect of ocean acidification on coastal zones can be
several times higher and faster than typically expected for
oceanic waters (Duarte et al., 2013; Venti et al., 2014).

Caribbean Region
Although the surface ocean is alkaline (pH above 7.0) and will
remain so for the foreseeable future, the process of ocean
acidification (Figure 1 and 2) is readily apparent and has
potentially detrimental consequences for marine life and
dependant human communities, especially for the Caribbean
Small Islands Developing States (SIDS).
The longest continuous record of ocean CO2 and ocean
acidification in the Caribbean region is in the North Atlantic
subtropical gyre near Bermuda (Bates et al., 2012). Direct
measurements at the Bermuda Atlantic Time-series Study
(BATS) station shows that surface ocean acidity has increase by
~12% and surface aragonite saturation state (Ωarg) has decrease
by ~8 % over the past 3 decades (Bates et al., 2012).
Using the Caribbean regional empirical model of Gledhill et al.
(2008) from 1992 - 2015 we show a regional increase in surface
ocean acidity of ~10% and a decrease on surface ocean Ωarg of
~8% (Figure 2; see Box 3 for details on the domain covered).
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These values agreed with those reported across the Caribbean
(Gledhill et al., 2008) and Atlantic regions (Bates et al., 2012;
Jiang et al., 2015) using regional and global numerical marine
carbonate system models.
Box 3: Current conditions: methods
To estimate the carbonate system parameters relevant to ocean
acidification we use the following data sets and models. Monthly
regional mean values of ocean surface Ωarg and pH were estimated
using the sea surface pCO2 values from the empirical model of Gledhill
et al. (2008). The sea surface salinity (SSS) and temperature (SST)
values were obtained from the Hybrid Coordinate Ocean Model
(HYCOM). Atmospheric CO2 values are from National Oceanic and
Atmospheric Administration, Cooperative Global Air Sampling
Network (Conway et al., 1994). The CO2 measurements for the
Caribbean region are based on weekly air samples from St. Croix,
Virgin Islands, United States and Ragged Point, Barbados. The
derived marine boundary layer (MBL) reference used the data
extension and integration methods described by Masarie and Tans
(1995). Data covered the domain defined as [30°N, 15°N, 90°W,
60°W] from 1992 to 2015. Sea surface TA values were derived as a
function of SSS and SST using the empirical relationship of Lee et al.
(2006) for the Caribbean region. The CO2sys software from Lewis and
Wallace (1998) MatlabTM version was used to calculate Ωarg and pH in
seawater.

higher values in spring and summer and throughout the center
of the Caribbean Basin. During the fall and winter Ωarg values
are generally lower throughout the center and eastern Caribbean
relative to the northwestern Caribbean waters. During this time,
high temperatures coincide with the influx of the low-salinity
Amazon and Orinoco River plumes into the eastern Caribbean
(Corredor & Morell, 2001). Increase in river runoff from local and
regional areas could have a significant effect on coral reefs on
shorter time scales in Caribbean SIDS.

Figure 2: Time-series of surface seawater Ωarg and pH shows monthly
regional mean values for the Caribbean region from 1992 to 2015. Data
covered the domain defined as [30°N, 15°N, 90°W, 60°W].

Figure 1: Time series from 1980 to 2015 shows in black monthly regional
mean of dry atmospheric CO2 mole fraction (umol/mol) in the Caribbean.
In blue a time series from 1992 to 2015 of monthly regional mean of
seawater pH (total scale). Data covered the domain defined as [30°N,
15°N, 90°W, 60°W]. The light blue line represents the seawater line. When
CO2 from the atmosphere dissolves into the ocean via the process of airsea exchange, it reacts with water and forms carbonic acid (H2CO3). This
rapidly dissociates and causes an increase in hydrogen (acid, H+) and
bicarbonate (HCO3-) ions. The term “ocean acidification” refers to the
process by which the pH of the ocean decreases due to the increases on
seawater H+ ion concentration as a result of the uptake of CO2 from the
atmosphere.

Constraining the near-reef variability in carbonate chemistry
across diel, seasonal, and annual scales is important in
assigning potential biogeochemical thresholds to ocean
acidification. Results by Gledhill et al. (2008) indicated that
patterns in Ωarg and pH change spatially and seasonally, with

Within coastal zones where most of the affected marine
organisms reside, coastal process can combine with ocean
acidification to exacerbate acidification further altering the
carbonate chemistry. Monitoring the effects of ocean
acidification within the dynamic near-reef environment is
challenging. The Atlantic Test-bed in La Parguera Marine
Reserve, Puerto Rico has provided seven years of sustained
high temporal observations that are used to estimate Ωarg. Work
in progress by Meléndez et al. (in preparation) documents a Ωarg
decrease of ~1.2 % over the last 7 years which is a lower rate
than that suggested by Gledhill et al, 2008 (3% decade-1).
These findings would suggest calcification rates have likely
declined since the preindustrial period given the reduction in Ωarg
that has occurred (Langdon & Atkinson, 2005; Pandolfi et al.,
2011). Friedrich et al. (2012) concluded that calcification rates
may have already dropped by ~15% within the Caribbean with
respect to their pre-industrial values. However, the decreasing
carbonate production, calcification rates, hard coral cover, and
biomass of major reef- building species throughout the
Caribbean region are likely attributable to the interaction of
multiple natural and anthropogenic stressors such as hurricanes
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(Woodley et al., 1981), thermal bleaching (Aronson et al., 2000),
outbreaks of disease (Mayor et al., 2006), the mass mortality of
the sea urchin Diadema antillarum (Lessios et al.,1984) and
overfishing (Rogers & Beets, 2001). Emerging evidence
suggests that effects of ocean acidification on the reef structural
integrity and ecosystem function are strongly related to effects
on the net community dissolution (Andersson et al., 2009) and
bioerosion rates (Enochs et al., 2015), decrease on calcification
rates of crustose coralline algae (Johnson & Carpenter, 2012)
and fertilization and recruitment success (Albright et al., 2010).
Such effects could compromise reef resiliency in the face of
other acute threats, such as thermal-stress, diseases, increasing
storm intensity, and rising sea level.
According to Perry et al. (2013), Caribbean coral reefs in the
Bahamas, Belize, Bonaire and Grand Cayman are already
experiencing significant reductions in carbonate production rates
with 37% of surveyed sites showing net erosion. The
combination of erosion, dissolution and bioerosion processes in
shallow reef habitats could accelerate the loss of calcium
carbonate sediments and decrease the stability of the reef
skeleton framework (Eyre et al., 2014), potentially leading to a
collapse of reef structures (Hoegh-Guldberg et al., 2007). Such
effects could compromise reef integrity and resiliency in the face
of other acute threats such as coral bleaching, disease
outbreaks, increases in storm intensity and rising sea levels
(Silverman et al., 2009).
There is evidence that net dissolution is already occurring in
shallow waters of reef environments (Gattuso et al., 1998; Yates
& Halley, 2006; Bates et al., 2010; Muehllehner et al., 2016) due
to elevated metabolic activity at night when respiration
dominates community production releasing CO2. If periods of
carbonate dissolution increase in duration and magnitude and
exceeded daytime calcification, it could result on a net
dissolution of the carbonate minerals and cements that maintain
the reef structure. Under the IPCC atmospheric CO2 business as
usual scenario (IPCC, 2014), this could happen by 2030 when
the average atmospheric and seawater pCO2 threshold values
reach 560 and 650 uatm, respectively (Yates & Halley, 2006).
Under continued periods of net dissolution, ecosystem
persistence and resilient are jeopardize in the face of other
climate stressors.
Seagrass beds and macroalgae could benefit as they utilize CO2
during growth (Palacios & Zimmerman, 2007). During the period
in which biomass is increasing, marine plants can sequester
carbon, reducing the concentration of seawater CO2. This could
cause non-calcifying species to outcompete calcifying
organisms (Fabricius et al., 2011), resulting in changes to
ecosystem services. There have been studies (e.g. Florida Reef
Tract) suggesting seagrass meadows may attenuate ocean
acidification effects creating “refugia” for calcifying organisms
and coral reefs downstream (Manzello et al., 2012). Further
studies are needed on the potential ocean acidification
management alternatives these ecosystems can offer to
Caribbean SIDS.

What Could Happen?
While significant changes in surface chemistry have been
observed over the previous decades, clear evidence of
widespread degradation of reef environments that can be directly
attributed to ocean acidification is remains matter of debate
(Carricart-Ganivet et al., 2012). However, like most tropical
oceans, the Caribbean is subject to accelerating changes in
water chemistry that could subject ecosystems sub-optimal
conditions by the century’s end (Perry et al., 2013). Future
acidification pressures will not act independently from other
environmental phenomena such as changes in ocean warming,
relatively frequency and intensity of storm events, sea level rise,
human pollution and fishing pressure that can act synergistically
or antagonistically to either assuage or increase the harm done
to Caribbean ecosystems.
Results show the 2015 averaged annual pH (Figures 3A) and
Ωarg (Figures 4A) as well as the percent change in acidity
(Figures 3B and C) and Ωarg (Figures 4B and C) that takes place
between the years 2015 to 2050 and 2015 to 2100 (see Box 4
for method details). The results are notable with the Caribbean
becoming more acidic by 20% and 58% in 2050 and 2100,
respectively. Sea surface Ωarg, also declines (16% and 32%) to
an average of 3.3 in 2050 and 2.6 in 2100. Most modern coral
reef systems currently reside well above a value of 3.0 which has
been suggested as a potential threshold to maintain net reef
accretion (Guinotte et al., 2003). Model projections of Ωarg are
concerning as prior to 2100 values drop below this threshold.
Box 4: Future conditions: methods
To examine future changes in surface seawater pH and Ωarg in the
Caribbean region (defined previously) we use a combination of the
aforementioned modelled and observed SST, SSS and atmospheric
pCO2 measurements. Recent trends in the data were taken from the
Puerto Rico Climate Change report (PRCCC, 2013) and propagated
into the future to determine values for 2050 and 2100. A linear
increase of 0.026°C SST per year and a linear decrease of -0.0024
units SSS per year were used (for temporal range and analysis details
refer to the PRCCC, 2013). The trend on atmospheric pCO2 was
solved using a first-degree polynomial, which when projected to 2050
and 2100, agrees with the intermediate IPCC (2104) emission
scenarios. The future seawater pCO2, SSS and SST changes were
applied within the context of the Gledhill et al. 2008 model to predict
sea surface pH and Ωarg values for 2050 and 2100 with respect to
2015 average values.

We note that our predictions are based on coarse oceanic
models and do not account for effects attributable to changes in
productivity, wind stress, remote river forcing (e.g. Amazon River
discharge) or coastal processes. For example, coastal oceans
adjacent to large populations may also experience exacerbated
acidic conditions caused by anthropogenic nutrient fluxes. In
addition to the potential for increase acidity, nutrients can
stimulate preferential growth of macrophytes that may stunt coral
growth (Smith et al., 2006), or contribute to light-attenuating
sedimentation processes that also inhibit healthy reef
production. Ocean current patterns may change, delivering
more, or less, fresh water originating from the South American
continent. In addition, predominant wind patterns may change,
affecting ocean mixing or stratification. While the effects of
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future acidification pressures on ecosystems are not clear, even
less is known about how such effects will propagate into the
economy of the Caribbean SIDS.
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observations / models) modelled)

What could happen in the future

Figure 3: A) Modeled pH for 2015. B) Percent change in pH from 2015 to
2050. C) Percent change in pH (-log10(pH)) from 2015 to 2100. See text for
model details. Note the scale change on B and C color bars.
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The carbon dioxide system of seawater is well understood and
established. As such, the basic equilibria governing the process
of ocean acidification dates backs to at least 1960 (Bolin, 1960)
and represents a foundational understanding of modern
chemical oceanography. The ecological consequences of
anthropogenically-induced changes to the system (i.e. ocean
acidification) is, however, a considerably new field. Both of these
themes were assessed in light of recent findings and based on
adequate observed local data (e.g. atmospheric pCO2 values are
based on measurements of weekly air samples from St. Croix,
Virgin Islands, United States and Ragged Point, Barbados)
complemented with empirical models. Projected changes in
climate for the Caribbean islands were based on the future
projections of fossil fuel emissions driven by reasonable models
from the IPCC (2104). Further understanding on the expected
ocean acidification effects of the species and habitats in the
Caribbean is based on evidence tested elsewhere, so there is a
lack of empirical specie’s response data in these areas.

Knowledge Gaps
Figure 4: A) Modeled Ωarg for 2015. B) Percent change in Ωarg from 2015
to 2050. C) Percent change in Ωarg from 2015 to 2100. See text for model
details. Note the scale change on B and C color bars.

Species and Ecosystem Vulnerability, Resilience, and Adaptive
Capacity: Economic and social costs of ocean acidification
impacts and the resulting adaptation options are scarcely known
but are of the utmost importance. Ocean acidification will likely
affect the tourism sector, fisheries and coastal infrastructure.
Studies that can identify specific and collective island
vulnerability are needed since ocean acidification effects depend
on the unique biophysical nature of the island and its social,
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economic, and political setting. Estimating the value of
alternative adaptive strategies to mitigate ocean acidification will
depend on individual community priorities, vulnerabilities and
resilience.
Ecosystem and Organism Response: The value of the loss of
ecosystem services to ocean acidification is unknown. Such
losses are attributable to degradation of ecosystems that support
important economic marine species such as coral, conch,
oysters, fish larvae, urchins and pelagic fish on Caribbean SIDS.
There is strong evidence for decreasing carbonate production,
calcification rates, coral cover, and biomass of major reefbuilding species throughout the Caribbean region. However,
there is still not enough evidence to conclude that these
decreased ecosystem processes are due to ocean acidification.
There are only a few studies on ecosystem and organismal
responses to climate stressors (e.g. ocean warming) that
consider ocean acidification in Caribbean SIDS. For instance,
low pH values could affect nursery areas of commercially
important species such as tuna, presenting a source of
vulnerability for the economy, but studies are scarce. Ocean
acidification could also affect the food web dynamics at lower
trophic levels and have physiological effects at larval stages that
would likely cascade upwards-impacting coral and fish
recruitment.
Chemical and Physical Baseline Information: Baseline studies
that can address the current ecosystem conditions in terms of
ocean acidification are lacking in the Caribbean region. Baseline
assessments that can address the spatial and temporal
variability are required to better understand the present ocean
acidification conditions and rates of change. For instance, there
is evidence that the carbonate saturation state has decreased
about 3% per decade and that the values change spatially and
temporally throughout the Caribbean region. However, it is
unknown how remote processes, such as the Amazon/Orinoco
river discharge, circulation patterns or aeolian deposits could
alter the effects of ocean acidification. Processes controlling
localized coastal acidification, including anthropogenic nutrient
fluxes and local discharge are poorly constrained. In addition, it
is predicted that coastal reef zones are going to surpass the
predicted open ocean chemical thresholds where dissolution
exceeds precipitation, but the timing and rate of change are
currently unknown.

Socio-economic Impacts
The effects of ocean acidification on coral reefs, shellfish, fish,
and marine mammals will likely cause an economic impact on
fisheries, coastal protection and tourism in Caribbean SIDS.
Ocean acidification will exacerbate the current global warming
effects on coral reefs and it will likely continue deteriorating reef
conditions and cause ecological regime shifts from coral to algal
reefs (Hoegh-Guldberg et al., 2007; Anthony et al., 2011). The
primary impact to reef communities will probably be through a
reduction in their capacity to recover from acute events such as
thermal bleaching.
Corals reefs in Caribbean SIDS are of particular importance due
to their role in supplying sand to island shores, reducing the

potential for shore erosion, providing habitat for commerciallyimportant marine species as well as underpinning beach and
reef-based tourism and economic activity (Perch-Nielsen, 2010).
The projected loss of benefits from fisheries, dive tourism and
shore protection is between US$350 million to US$870 million by
2050 (Burke & Maidens, 2004). For instance, decreasing rates
of reef accretion and increasing erosional processes due to
ocean acidification will impact reef-protected coastlines from
wave and storm surges. The coastline, and other back-reef and
inshore environments, such as seagrass meadows, salt marshes
and mangroves, will become vulnerable to wave action and
storm surge. These reef barriers also protect beaches and
critical infrastructure such as power plants, hospitals, airports,
seaports, roads and other major structures from erosion and
severe coastal storm damage through dissipation of wave
energy. The estimated value of shoreline protection services
provided by Caribbean reefs is between US$700 million and
US$2.2 billion per year. Within the next 50 years, coral
degradation and death could lead to losses totalling US$140
million to US$420 million annually (Burke & Maidens, 2004).
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APPENDIX B
PHOTOSYNTHETICALLY ACTIVE RADIATION (PAR)
Appendix B provides details on the solar radiation from 400 to 700 nanometers that
photosynthetic organisms can use in photosynthesis. Primary production (P) has been related and
modeled using irradiance (P–E) curves at short (hours) and smaller spatiotemporal scales (Sawall
& Hochberg, 2018). However, on longer time scales and at ecosystem level, P-E relationships are
not usually investigated. At this time scales, the relationship between P and E may not be so
obvious. Nonetheless, the use of high-frequency optical measurements can help create site-specific
P-E curves to estimate metabolic rates at different time scales.
This dissertation focuses on seasonal processes, but future work should consider CO2 and
O2 diurnal changes and how these are associated with photosynthetically active radiation (PAR).
This appendix provides PAR measurements taken at both locations and the seasonal relationship
between PAR and NEC/NEP rates. The PAR measurements at LP were taken at the ICON buoy
in Media Luna reef, Puerto Rico from 2009-2013 (Fig. B.1). The EcoPARs instruments at CR were
located under the Cheeca buoy at about 1 m depth from December of 2016 to January 2020 (Fig.
B.2). The PAR data was daily averaged using the daylight hours from 06:00 to 19:00 hr LCT (Fig.
B.3).
Results indicated no correlation (r2< 0.05) between NEP/NEC and PAR (Figs. B.4 and
B.5). However, results show that seasonal NEP rates are better associated with PAR (r2= 0.4)
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during the springtime at LP, while at CR, the higher correlation (r2 =0.20) was observed during the
fall.

Figure B.1. Monthly PAR (µE m-2 s-1) measurements at CR from December 2016 to January 2020.
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Figure B.2. Monthly PAR (µE m-2 s-1) measurements at LP from 2009 to 2013.
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Figure B.3. Seasonal (daily averaged) PAR (µE m-2 s-1) measurements for LP (yellow) and CR
(blue).

Figure B.4. Seasonal PAR (µE m-2 s-1) relative to NEP (mmol C m-2 day-1) and NEC (mmol CaCO3
m-2 day-1) for LP. The gray dashed lines denote zero NEP. The RMSE of the linear correlation
between PAR and NEP was 24.1 mmol C m-2 day-1 and the r2 = 0.053. The RMSE of the linear
correlation between PAR and NEC was 24.2 mmol CaCO3 m-2 day-1 and the r2 = 0.053.
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Figure B.5. Seasonal PAR (µE m-2 s-1) relative to NEP (mmol C m-2 day-1) and NEC (mmol CaCO3
m-2 day-1) for CR. The gray dashed lines denote zero NEP. The RMSE of the linear correlation
between PAR and NEP was 15.9 mmol C m-2 day-1 and the r2 = 0.002. The RMSE of the linear
correlation between PAR and NEC was 20.3 mmol CaCO3 m-2 day-1 and the r2 = -0.002.
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